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Abstract 
Electrochemistry is a powerful technique that offers multiple possibilities and which 
is in constant evolution. Simple modifications of the electrode surface can result in an 
improvement of the selectivity and sensitivity of the method. However some situations 
require more complex modifications such as the incorporation of an external agent to the 
electrode surface, or within the actual electrode. This thesis describes the development 
and characterization of a range of novel electrochemical sensors for multiple applications 
covering agri-food, biomedical and environmental contexts. The foundations of the 
approach rest upon the development of carbon-loaded polycarbonate composite films. 
Their fabrication is described and the ease with which they can be modified and 
physically adapted is highlighted and critically evaluated. The response of the resulting 
sensors have been validated against conventional techniques. 
 An overview of the technologies employing carbon electrodes is presented in 
Chapter 1 and serves to set the context of the subsequent research. The various 
methodologies employed are outlined in Chapter 2. Preliminary modifications of the 
analytical process has evolved from the ex situ functionalisation of the conventional 
carbon electrodes with copper (Chapter 3) through to the examination of the versatility 
and complexities of sample pre-treatment (Chapter 4). The pre-treatment of the sample 
using naphthoquinones as labeling agents has been developed and this work was 
extended to examine a wholly new derivatisation agent which could have analytical and 
clinical/veterinary diagnostic merit. A new direction was sought to overcome the 
limitations of the conventional analytical approach and composite systems were 
envisaged as providing an accessible yet flexible method of developing electrochemical 
sensors for discrete probe and flow systems. The basic procedure has been 
characterization and optimized for a range of analytes such as neurotransmitters (Chapter 
5), anti-oxidants (Chapter 6), purine metabolites (Chapter 8) and phosphate (Chapter 9).  
Each chapter highlights a different aspect and applicability of the composite and go from 
simple physical surface modification (Chapter 5) to the incorporation of chemical agents 
(Chapter 6) and more complex systems such as enzymes (Chapters 8 and 9).  
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Chapter 1 
 
Introduction to Carbon Based Sensors 
 
________________________________________________________________________ 
 
Abstract 
 
Carbon has long been recognised as a versatile electrode material and has found 
numerous uses in analytical applications. The work presented in subsequent chapters has 
focused on the development of composite materials based on this material and their 
analytical characterisation. The present chapter outlines the overall aims and objectives of 
the project and gives an overview of recent developments in the applications and 
modification of carbon based sensors.  
 
 
The work presented in this chapter has been accepted for publication within the 
 Journal of Solid State Electrochemistry. 
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1.1. Introduction 
Chromatographic techniques are undoubtedly the most prevalent analytical technique 
that will be found within laboratories conducting routine analysis – whether for 
biomedical, industrial or environmental tasks. These techniques can offer superior 
resolution when dealing with complex samples as a consequence of the analyte separation 
that can be achieved in passage through a column. While post-column detection is usually 
provided by a spectroscopic detector (typically uv/vis), it has long been recognised that 
electrochemical detection can provide significant, albeit specialised, advantages over the 
former. While there are numerous situations in which hybrid liquid chromatography –  
electrochemical detection systems could be applied, their adoption as mainstream 
analytical processes has been slow to gather support. The core aim of the present project 
has been to develop new electrode materials that highlight the versatility of the 
methodology across a number of different analytical contexts and which could counter 
some of the problems that have contributed to the reluctance of the analytical community 
to embrace electrochemical detection. There is an increasing interest in the transfer of 
conventional lab based technologies to a portable, often disposable, format and thus the 
secondary aim of the work was to establish whether those same electrode materials could 
be adapted for use as the foundation of a discr ete sensor capable of operation outside the 
laboratory. 
 
One of the most important advantages offered by electroanalytical detection is that it 
can allow the direct detection of certain analyte classes and thereby considerably simplify 
the analytical process – removing the need for the derivatisation processes that must be 
employed where the target possesses a weak chromophore [1-3]. This has been 
extensively exploited in the present project through the detection of various organic 
species (thiols, purines and neurotransmitters) and inorganic species (nitrate and 
phosphate). These cover a variety of analytical contexts and seek to highlight the 
adaptability of the technique. It has been suggested that electrochemical detection is a 
more selective detection option than the spectroscopic approach as the majority of the 
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matrix will not be electroactive within conventional electrode operating windows and 
hence essentially invisible to the electrode [1-3]. This is true in terms of inducing a 
signal. However, the most common problem with the introduction of electrochemical 
detectors has been the fact that the sensing surface must come into contact with the 
sample in order to register a signal. Electrochemical detection is an interfacial technique 
and while most components may be invisible - they may nevertheless affect the signal 
magnitude of the intended target through fouling the electrode. The adsorption of matrix 
elements onto electrode surfaces and the need for regular and elaborate maintenance of 
the latter may well be a contributing factor in the relative absence of the latter from 
mainstream labs.  
 
This is clearly a rather short-sighted view as electrochemical detection is inherently 
versatile. The placement of the electrodes in series have been shown to further aid the 
identification of co-eluting analytes and there have been more recent developments in 
using electrode arrays where the individually addressable electrodes are set at alternating 
potentials to induce the redox cycling amplification of the resulting signals. The choice of 
electrode material can be pivotal in optimising the analytical sensitivity – this could be 
viewed as additional complexity but it could offer superior performance. Such detectors 
have taken many forms and have exhibited sensitivities that can compliment or in many 
instances out perform conventional uv spectroscopic techniques [1-15]. They can offer 
greater procedural simplicity than fluorimetric systems [16-19] and are significantly less 
expensive, both to procure and operate, than mass spectroscopic detection (LC-MS) [20-
24]. 
 
There have been many developments in the design and development of electrode 
materials for use in electrochemical detection. The work presented herein has focused on 
the use of carbon as this is a particularly flexible substrate and can easily be adapted to 
suit particular applications. This is especially true when considering its application as the 
base material in composite materials. The latter has been extensively exploited in 
subsequent chapters. Before considering the various analytical options presented by such 
materials it is necessary to consider the background to the development of 
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electrochemical detectors and the progress that has already been made. The various 
modifications that can be undertaken to enhance detector performance and the emergence 
and potential impact of new composite materials is considered in the following sections. 
1.2. Core Detector Design 
Electrochemical detectors generally take one of three core design formats and relate 
principally to how the working electrode is arranged with respect to the direction of the 
mobile phase flow. Schematics outlining these are detailed in Figure 1-1. The simplest 
relates to the insertion of a planar electrode within the flow system. This can be extended 
to porous carbon systems (typically pyrolytic graphite) that encompass the entire 
diameter of the flow channel. The latter are designed more for coulometric analysis in 
which the complete conversion of the analyte can be achieved [1,2].  The third design 
inserts the electrode perpendicular to the flow (wall jet). Each methodology has its merits 
depending on the nature of the electrode being used and there will always be variations in 
the design of the cell used within research environments. The construction of arrays 
introduces an extra dimension to those already outlined in Figure 1-1 and can greatly 
enhance the selectivity allowing post column resolution at the detector. Multiple detectors 
placed in series, each set at a different operating potential can offer multi-dimensional 
analysis and is analogous to the diode array detectors though at considerably less 
expense. Hence, two or more analytes eluting at same time can be resolved at the 
detection array as a consequence of their potential dependent responses at each electrode. 
Thus, in a recent example, a single chromatographic signal arising from a conventional 
uv-vis detector was subsequently shown to possess more than 300 discrete components 
when resolved using a four channel coulometric detector [2].  
It has long been recognised that different electrode substrates (even when poised 
at identical operating potentials) can elicit significantly different responses from a given 
analyte. As a result, postcolumn electrochemical detectors have exploited a variety of 
electrode substrates (Pt, Au, Ag, C, Cu, Ni) and modified systems (alloys, organometallic 
catalysts, enzymes) to improve analytical performance[1, 3].  Carbon can be viewed as 
the most flexible of these substrates as a consequence of the variety of physical forms it 
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can take but each of these can come with a diverse range of chemical properties (or 
functionalities) that can allow detector enhancements through surface modification. In 
this respect, carbon is a significantly more flexible diagnostic tool.  
 
 
 
 
 
 
 
 
 
 
 
 
 
              Figure 1-1: Common detector designs 
 
 
1.3. Carbon: A Versatile Substrate 
The multitude of physical forms that carbon can take allows for considerable 
flexibility in the design of the detector. Glassy carbon (GC), carbon fibre (CF),  
reticulated vitreous carbon (RVC) or graphite have all been used in a great number of 
analytical techniques [25]. Highly orientated pyrolytic graphite (HOPG) offering edge 
plane (eppg) and basal plane (bppg) morphologies are frequently used to explore the 
more fundamental side of electron transfer processes but can be of considerable value in 
LC-ED systems. The basal and edge plane possess different properties with the latter 
tending to exhibit considerably faster electrode kinetics and, as a consequence, possesses 
the potential for greater detection sensitivities [26-30].  It has been shown that the edge 
plane sites on carbon nanotubes (CNTs) are likely to be the major influence on the 
electrocatalytic effects observed at these modified electrode [26,30]. Glassy carbon is by 
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far the most common electrode material employed electroanalysis and is easily adapted 
for use in the detector designs outlined in Figure 1-1. Different studies reporting the use 
of carbon electrodes coupled with flow systems are presented in Table 1-1 and highlight 
the diversity of application to which carbon can be utilised and provides an indication of 
the detection limits than can be achieved at the unmodified electrode surfaces. 
 
Form                               Analyte                        Application                          Detection Limits          Ref       
GC                                    Rocuronium                      Pharmaceutical          0.1-235µM                    8 
                                           Impurities                                                                                                           
                       
    Carbon fiber microdisk    Herb Acanthopax               Environmental                           10-1.5µM                   9 
    (CFE)  senticosus 
 
    GC                           Ag-ions                      Biochemistry                             20-67µM                   10 
     
    eppg  Thiols                      Bioanalytical                             1.7-2.7µM                    27 
 
    eppg                                  Sulfide                                Analytical                         4.9-10µ,M                    28 
 
                        
 
Table 1-1: Different applications of carbon electrodes. 
1.4. Surface Modification 
The surface of carbon can be modified by mechanical [28-30], electrochemical [31-
38], chemical [38-45] or thermal [46] means – the aim being to alter the interfacial 
reactivity of the base substrate and thereby improve the detector performance. In this 
review, surface modification is categorised in three levels, outlined in Figure 1-2. The 
first level is simply a modification of the species already present on the surface; on the 
second level - the modification implies the attachment of exogenous species onto the 
electrode surface and in the last level, the species are intercalated between the graphene 
layers of the base substrate. The latter can be induced through the electrochemical pre-
treatment processes as a result of carbon fracturing [31, 36, 41]. The activation of the 
electrode is a term that is frequently used to describe a variety of superficial processes: 
the elimination of electrode’s impurities, the creation of a fresh electrode surface, the 
increase of surface functional groups or an increase in electrode area.  Mechanical 
activation such as polishing or sonication is widely used to clean the electrode and to 
expose fresh electrode area but can have the beneficial effect of increasing the availability 
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of edge sites [28,30] that can, as with eppg electrodes, serve to increase sensitivity. The 
most usual activation technique involves the electro-oxidation of the carbon surface by 
applying a fixed anodic or cyclic potential. The oxidation increases the proportion of 
oxygen species (Figure 1-2A) such as hydroxyl, carbonyl, carboxyl and quinones at the 
electrode surface [38]. These are well known to influence the wettability, surface 
reactivity, porosity and conductivity of the electrode [25,31,32,34].  
 
 
Figure 1-2: A) Carbon functionalities and B) Surface activation 
 
Chemically modified electrodes (CME’s) signify a more elaborate approach to surface 
modification and generally involve the deliberate attachment of new chemical 
components. This offers greater control over the electrochemical behaviour given the 
greater variety of functionality that can be introduced onto the surface – more so than that 
obtained by the activation of the intrinsic functionalities described previously. Three 
general approaches can be taken - formation of covalent bonds [42-45] irreversible 
adsorption [41]. Electrochemically induced functionalisation of surfaces by exogenous 
species can also be utilised and provides an effective alternative to purely chemical 
methods. A more recent strategy involves the reduction of diazo species (shown in 
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Figure 1-2B) whereby there is the direct covalent attachment of the target 
species[36,37,41, 43]. The most commonly adopted procedure however involves 
immobilisation of chemical species in a polymer film onto the carbon surface [50-91]. 
The latter will be considered in more detail in the next section.  Irrespective of the 
procedure, the modifications can be used to good effect to influence hydrophilicity / 
hydrophobicity of the interface and thereby alter the adsorption characteristics of the 
matrix components – facilitating the accumulation of one species over another and 
thereby improving electroanalytical discrimination [25,30,31,32,34].  
 
Form              Analyte                   Pre-treatment / Modification                    Application             Ref       
GC                      5-Hydroxyindoleacetil    Electrochemical oxidation H2SO4 and     Urine                                 13 
                            5-Hydroxytryptamine     Gold adsorption      
 
 
GC                       H+                                                    Electrochemical oxidation (NH4)            pH sensor                           31 
 
GC                      Vitamins B2, B6, C           Electrochemical oxidation Phosphate     Multi-vitamin tablets          32 
                                                                    Buffer salt (PBS)   
                                      
Carbon Paste       Phenol                            Electrochemical oxidation NaOH           Tap and waste water          33 
 
GC                       Mn                    NH3-NH4Cl                                               Lake water                        34 
 
Carbon film         Glucose                          Electrochemical oxidation PBS               Wines                                35 
                                                                                             
GC                      Uric Acid                        Covalent bond -N+(CH3)                          Uric Acid                          36 
 
Screen Printed    Organophosphate            Covalent bound                                                                                   37                                
                                                                   (electrochemical reduction of 4-nitrobenzene) 
                                                                                                     and enzyme attachment  
         
GC                      Erythromycin                  Electrochemical oxidation                        Tablets                              41 
                                                                    NH3-NH4 
 
GC                      Guanine,Adenine             Covalent bond r-aminobenzene               Thiocoline                         42 
 
GC                      Clozapine                        Electrochemical oxidation PBS                Urine                                 43 
                                                                             
 
Carbon Paste       Riboflavin                       Covalent bound  aza macrocycles             Pharmaceutical                45 
                                                                                                                                       preparations and 
                                                                                                                                       food. 
 
Table 1-2: Electrode surface modifications 
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Alternatively, electrocatalytically active molecules or mediators bonded to the electrode 
surface can act as electron transfer bridges between the electrode and electroactive 
species in solution [55,60,70] and thereby modify the electrode properties of the base 
electrode. Some of the possible surface modifications and their application are detailed in 
Table 1-2. 
1.5. Polymer Coatings 
 The use of polymers as a coating material has been used extensively to enhance 
the electrode performance and represents the most common approach to electrode 
modification[73]. The chemical and physical properties of the polymer will substantially 
influence the electrode response characteristics with the underlying carbon normally 
acting as a support material and the electrical conductor. In many cases, the form of 
carbon utilised will be determined more by availability and by detector design 
considerations. This is not to suggest that the inherent electrochemical properties of the 
base material can simply be ignored as it is still important to establish fast electrode 
kinetics [28,30] between the substrate and the electroactive material within the polymer. 
The dimensions (micro, marco, fibre), porosity, mechanical integrity and processing 
capability of the base substrate and the ease with which it can be incorporated within a 
flow cell will often be considerable factors in selecting the base substrate. The versatility 
of carbon in this respect contrasts the use of metal electrodes as the detecting substrate 
where the physical forms available are more restrictive. Glassy carbon, reticulated 
vitreous carbon [25] and pyrolytic graphite [30] are the most common electrodes in 
comparison to other carbon materials though polymer encapsulated carbon fibre systems 
have grown in popularity in recent years [50-53]. The latter can be rationalised in terms 
of the greater dimensional compatibility of the fibre systems within conventional LC 
architectures.  
 Numerous polymeric systems have been investigated and can be placed within 
several broad categories: non conducting [54-63], conducting [64-83] and redox gels [84-
88].  While a large variety of systems have been examined – the most common and 
arguably the most successful tend to be those based on Nafion® [59,60], polyaniline 
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derivatives [64-74] and polypyrrole [51, 75-83].  The first falls across the preformed and 
non conducting categories of polymer modification and possess important anionic 
properties that can confer significant ion exchange properties to amperometric detectors. 
This is also true of the pyrrole and aniline systems but these possess the added advantage 
of being formed through electropolymerisation – and hence offer greater control over 
polymer morphology (thickness, permeability etc) but also the spatial localisation of the  
film. The latter is important given the increasing interest in miniaturised systems where 
the conventional solvent casting techniques common to Nafion® would not be 
appropriate.  Some of the applications in which polymer modified carbon electrodes play 
a central role are detailed in Table 1-3.  
The conducting polymers, especially those based upon pyrrole, can serve as an 
extremely flexible diagnostic tool offering a number of roles – electrocatalysis, molecular 
filter, enzyme entrapment etc [51, 81-83]. Polypyrrole can be over-oxidized resulting in a 
loss of conductivity and the expulsion of the dopant ions [81-83,69]. In such instances it 
has been shown to possess cation exchange (as opposed to the anion exchange when in 
the conductive state) and molecular filter properties. This has been shown to impart 
enhanced selectivity and sensitivity toward neurotransmitter analytes. They also confer 
the advantage of being able to detect those species that would not normally be 
electrochemically accessible. This relates to the exchange of the charged species within 
the cationic film (as counter ions) which alters the conductivity of the polymer backbone 
and thereby gives rise to the analytical signal [73].  
Preformed redox gels represent the other main polymer grouping and almost 
invariably incorporate osmium complexes [84-88]. The gel serves to both entrap the 
enzyme at the electrode surface and relay electrons from the carbon surface to the redox 
centre within the protein.  
 
 
 
 
 
 
Fig 1-3: Redox gel reaction scheme 
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The basic mechanism is highlighted in Figure 1-3 using an example of peroxide 
reduction in which an Osmium-gel-horseradish peroxidase (Os-gel-HRP) system is 
employed. Hydrogen peroxide is reduced enzymatically by the immobilised enzyme 
which in turn is converted to the oxidised form. It is re-activated by the transfer of 
electrons from the electrode but which are transported via the osmium shuttles 
(Os(III)↔Os(II)). The gels possess generic applicability allowing a host of enzyme 
systems to be used. The main drawback however is the fact that it requires the Os-gel to 
be cast onto the electrode surface [84-88]. A number of different polymer/mediator 
examples are highlighted in Table 1-3. 
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   Polymer                 Analyte            Modifier                       Application          Ref 
 
Melanin                           Dopamine                                                               N/A                                       55 
 
L-Cysteine                        Metal ions                                                         N/A                                        56 
 
Titania-sol-gel                    Glucose             GOX/FcPF6                        Serum Glucose     57   
 
Eastman Kodak AQ55       X-                        Cyt C                                  Electrocatalysis studies         58 
 
Nafion®                             X+                     Fe2+, Fe3+                                                 59  
    
Tosflex                               X-                         Fe(CN)64-, Fe(CN)63-                59 
 
Nafion®                          MPT                    NiTSPc                               Organophosphates                60  
 
Methyl silicate                                                        Antimony doped               Transparent and conductive   61 
                                                                               Tin oxide (ATO)              Electrodes 
o-Aminophenol                  NADH                NADH detection                       65 
 
 o-Phenylenediamine          Paracetamol           Copolymer aniline            N/A                                     66 
 
 L-Arginine                          Epinephrine and Dopamine                 Human urine                         71 
 
Polyaniline                          H3O+                                             pH measurements                  72 
 
Polyaniline                                                             PB/Oxidase                     Oxidase biosensors              73 
 
Poly-Toludine Blue          NADH                    NADH                                      73 
 
Polyaniline                 Choline        MWNTs                                                                        74   
 
Polypyrrole                  Nitrate                 Nitrate, Parylene                  Potentiometric                      53 
                                                                                                                            In situ  Nitrate biosensor                                                               
Polypyrrole                      Ag+               Sulfonated calixarenes        Ag+                                        75 
               
Pyrrole-co-pyrrole          Phenol          Amine  and p-toluene        Phenol                                  76 
                                                                                sulphonated  anions 
Polypyrrole                       O2-                      Anthraquinone(s)  Energy                              77 
                                                                                                                               conversion systems 
Polypyrrole                       AA           FCN/Fe/Fe3O4                           AA in water samples           78 
 
Pyrrole                          H2O2                          HRP/Fe(CN)64-,Fe(CN)63-       Hydrogen Peroxide             79 
                                                                                                                                Biosensors   
OPP                                 Catecholamines Au nanoclusters                 Human blood / serum             83 
 
Os-gel-HRP                       Histamine              HAO                                                84,85 
 
Os-gel-HRP                       Glucose, choline 
glutamate                 GOX/ChOD / GlutaOD       86 
Os-gel-HRP                       Hypoxanthine          XOD                                     87 
 
Os-gel-HRP                       Glutamate                  GluDH/NOX                                      88 
    
Where;  GOX= Glucose oxidse, Cyt C = Cytochrome C, MPT = Methyl-patanthion, NADH =  Nicotinamide adenine 
dinucleotide, MWNTs = Multi walled nanotubes, HRP = Horseradish peroxidase , GluDH = Glutamte dehydrogenase, NOX = 
NADH oxidase, AA = Ascorbicacid, HAO = Histamine oxidase 
 
Table 1-3: Applications of polymer modified electrodes. 
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1.6. Carbon Composite Electrodes 
Composite electrodes typically consist of two or more components which together 
form the bulk of the base substrate. The composition of this group can be incredibly 
diverse depending on definition but, in general, the field can be sub-divided into carbon 
paste[89-109] and screen printed [110-118] systems. Despite the different formats and 
processing requirements – both share a common methodology in which carbon particles 
are bound together by a binder. The great strength of this approach is the fact that the 
composition - and hence properties - of the electrode can be easily manipulated by 
altering one or more of the components in the paste or ink  or by the simple addition of a 
catalyst or other modifier during the initial mixing phase. Both systems have been used in 
LC applications and each approach can confer particular operational advantages.  
Carbon paste electrodes typically rely upon carbon particles being held together by 
an impregnated organic liquid phase that is compacted into a holder and can then be used 
in much the same way as a conventional solid electrode and likewise can be incorporated 
within flow systems in much the same way as a commercial glassy carbon or HOPG 
electrode [89-98]. Their application within such is however less common – as indicated 
in Table 1-4. This is rather surprising as - irrespective of the particular form of carbon 
used – the paste electrodes can be rapidly constructed with little expense beyond the 
initial cost of the components. As such, they can facilitate a prototyping function that 
allows the adhoc production of modified electrodes. Operationally, the paste electrodes 
can have the advantage of providing a low background compared to solid graphite and 
noble metal electrodes. They are also renewable in that, upon fouling, the surface can be 
regenerated by polishing [89,93]. There is clearly the potential for a huge number of 
variations in the preparation – the form of carbon used, the nature of the binder and 
presence of modifiers [125-127] or catalysts. The binder can take several forms and can 
include: mineral oil (nujol) [89-98], wax or epoxy [98], polymer [67] or ionic liquid [99]. 
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Binder           Analyte                Modification                    Applications                 Ref 
 
Nujol                Tryptophan              MWCNT/cobalt salophen          Human serum                         89 
 
Mineral oil       Cadmium                 1-Furoylthioureas                      Cadmium determination          90 
 
Paraffin oil       Sugars and AA        Polyethylene glycol                   Biological samples                  93* 
                                                          and Cu2O                 
 
Olive oil            Phenols                   NA                                              Extra virgin olive oils             94 
 
Paraffin             Phenol                    Montmorillonite                          Tap water                                95 
 
Paraffin oil        Anion                     Ferrocene functionalized             Water                                      96 
                                                         Calyx[4]pyrrole 
 
Wax                  Hydrazine               Manganese hexacyanoferrate      Photographic developer         98* 
 
Table 1-4: Carbon composite electrodes and their applications   * coupled with flow systems  
 
 
Carbon nanotubes (CNT’s) have risen to considerable prominence in recent years 
and have been widely investigated (Table 1-5) as an electrode modifier or as a direct 
replacement for the more traditional graphitic powder [100-109]. The duality of 
construction emphasizes the versatility of the material. The nanotubes can generally be 
found in two forms: single wall (SWCNT) or multi-walled (MWCNT) and, by analogy to 
graphite, the walls of the nanotube can be defined as basal plane while the ends are 
considered to be edge plane. It has been demonstrated that the edge plane effects, often in 
combination with increased oxygen functionalities, are largely responsible for the 
enhanced the electrode kinetics [28,30].  
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Analyte           Modification                      Applications            Ref 
Nitrite,AA,        Polypyrrole                                   N/A                                   72                         
Uric acid   
 
Homocysteine      Nafion®, CNT                               N/A                                  103 
 
Sugars                  Nafion/CNT                       Carbohydrate detection               104 
 
Chlorate,Iodate    MWCNT/iron                   Chlorate,iodate,bromate            105 
     Bromate          (III)-porphyrin 
 
Estradiol               Nafion® / Ni (Cyclam)                Serum                               106  
 
Glucose                PtPbNP                                        Blood                                107 
 
H2O2                                Nafion® /Au/GOD                        Beverages                        108 
 
NH3              SiO2/Si/Li                                       N/A                                  109* 
   
Table 1-5: Carbon nanotubes electrodes and their applications   * coupled with flow systems  
 
Reviews covering the breadth of nanotube application and the fundamentals that 
underpin their action are widely available. In common with the paste systems they have 
the notable benefit of decreasing the capacitive background which increases the 
sensitivity of the electrode [103]. As in the case of the carbon paste systems, the 
exploitation of nanotubes within flow systems is more limited despite the considerable 
advantages they can potentially confer. This is likely to be a consequence of the field 
being relatively young and it could be expected that more electrode designs incorporating 
nanotubes will emerge in the future. 
Screen printed electrodes are generally inexpensive to fabricate when considering 
large scale processing in which the costs of individual electrodes can be expected to fall 
dramatically. Access to such facilities and the large volumes of the reagents required can 
however be prohibitive – especially when considering the incorporation of expensive 
biological reagents (cf carbon paste systems). Mass manufacture does however open an 
avenue to the production of disposable electrodes that can overcome the fouling and 
surface deactivation effects that repeated analysis can bring. The batch production of near 
identical sensors can therefore minimise the reproducibility problems associated with the 
regeneration of conventional electrochemical detectors [110-118].  Some of the 
applications are detailed in Table 1-6 
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    Analyte                        Modification                      Applications               Ref 
 Thiocholine                           Acetylcholinesterase                     Organophosphates            111 
 
 Organophosphates                 Tyrosinase                                     River water                       112 
 
 Nitric oxide                           None / Direct oxidation                Biological samples            110 
 
 H2O                                       Glucose Oxidase                          Glucose                              107 
 
Glucose                                  Osmium complex                          N/A                                  114 
 
Ascorbic acid                      Fe(CN)64-, Fe(CN)63-                        N/A                                   115 
 
Immunoglobulin G               Antigen/antibody                          Immunoenzyme               116 
 
Sulphide                                Cinder/hexacyano cobaltate          N/A                               117 
 
H2O2                                      Copper                                           N/A                         118 
 
 
Table 1-6: Screen-printed electrodes and their applications                      
 
The SPE’s can be integrated into conventional flow systems – operating under 
planar or the wall jet schemes outlined in Figure 1-1. The latter is highlighted in the 
analysis of hydrogen peroxide on a copper modified screen printed carbon electrode 
[118]. The radial flow of the analyte across the wall of the electrode minimizes the 
diffusion layer which amplifies the signal and can give a significant advantage over the 
planar arrangement.   
1.7. Diamond Electrodes 
The increasing availability of diamond electrodes hold much promise for 
electroanalytical applications as they can offer substantial advantages over conventional 
glassy carbon or HOPG systems[119-123]. They generally possess a much wider 
electrochemical window in aqueous and non aqueous media. It has also been shown that 
polar molecules adsorb less at the surface and, as such, the electrode operating lifetime 
can be significantly greater than that achievable with conventional carbon surfaces. It has 
been shown that the repeated oxidation of catechol can be achieved without the 
cumulative loss in sensitivity that occurs in biological matrices [119]. Boron doped 
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diamond also demonstrates a marked insensitivity to dissolved oxygen and thereby 
provides a significant improvement over glassy carbon or HOPG when considering 
cathodic operations [120]. A range of applications in which the performance of boron 
doped diamond electrodes have been investigated are compared and contrasted in Table 
1-7. 
                                 Analyte                                             Ref   
                 Azide ions                                                          119 
                
                    Dopamine (in presence of AA)                         119 
 
                Histamine and Sulfa drugs                                 120 
                        
                     Polyamines                                                       120 
                      
                    Chlorophenols and theophylline                       122 
                  
                Table 1-7: Applications of diamond electrodes           
1.8. Conclusions 
It is clear that carbon possesses unrivalled flexibility in its ability to be modified 
and effectively tailored to specific applications and stands in contrast to the more limited 
options available when considering metallic electrodes. These features have been long 
recognised for general electroanalytical investigations but are now increasingly finding 
application as detectors in flow systems. While bare carbon substrates were once the 
default option in electrochemical detection, the modified systems are capable of 
significantly enhancing performance. This has been demonstrated by the use of diamond 
and nanotube composite electrodes which extend the range of accessible analytes and the 
response sensitivity. The requirement for miniaturised systems has seen the introduction 
of carbon within micro-analytical systems and lab-on-a-chip prototypes [87,98,135, 97].  
The use of micro-arrays is a future addition in which the main gain is the 
possibility of multi-parametric detection within a single sample [124-129]. Redox cycling 
has yet to be widely adopted but again could offer significant gains in detector 
performance [126,129]. Issues over fouling and the consequent compromises that occur 
in terms of reproducibility could be countered through the adoption of screen printed 
detectors [97, 124]. It could be envisaged that these could be integrated within 
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conventional LC architectures but, more importantly, their inherent disposability could 
herald an opportunity for the fabrication of standalone miniaturised chip/sensor based 
systems. These could eventually induce the transfer of the more traditional lab based LC 
to decentralised testing environments. A diverse range of applications is apparent from 
the various tables and it can be seen that carbon, as the core sensing detection element, 
can have a significant impact on a highly varied range of chemicals that cross the agri-
food, biomedical, environmental and industrial sectors. It is with this expectation that the 
project and the work detailed in subsequent chapters has focused on the use of this 
versatile material. The incorporation of carbon as central conductive component within 
composite material has not received much attention but the ease with which is can be 
adapted for use in a variety of sensing applications clearly warrants further investigation. 
 
1.9. Project Aims and Objectives 
The aims of the present project were to investigate the design and development of 
carbon composite materials as the basis of sensing substrates capable of integration 
within flow analysis systems. The objectives were: 
• implement and optimise flow injection and liquid chromatographic protocols for 
the analysis of analytes of biomedical and environmental significance; 
• explore the integration of electrochemical detection or inline or postcolumn 
detection processes; 
• design and develop the fabrication processes for the production conductive 
composite electrodes and their further modification with catalytic materials;  
• characterise the electrodes and evaluate their performance within various 
electroanalytical contexts; 
• investigate the integration of the electrodes within flow systems and critically 
appraise their applicability and performance with respect to conventional 
analytical methodologies and 
•  explore the possible transfer of the technology to discrete, disposable sensing 
formats. 
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Chapter 2 
 
Experimental Details and Core Methodologies 
 
________________________________________________________________________ 
 
Abstract 
  
An overview of the major analytical techniques used during the project is presented. 
The main emphasis of the work has focused on the use of chromatographic and 
electrochemical methodologies and for this reason this chapter is focused mainly on 
those. Supplementary methods that enabled the more rounded characterisation of the 
electrode systems are also discussed 
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2.1. Introduction to Chromatography 
 Chromatography is a general term for a group of techniques used to separate and / 
or analyze a complex matrix. The separation process is based on the injection of the 
sample matrix into a mobile phase (gas or liquid) that will pass through a stationary phase 
(solid or liquid) which stays inside the column where the compounds will be separated. 
Chromatography was developed by the Russian botanist Mikhail Semyonovich Tsvet in 
1901 when he produced a colourful separation of different plant pigments with a column 
of calcium carbonate. Since then chromatography has developed into a useful laboratory 
tool for the separation of compositionally complex samples and, as alluded to in Chapter 
1, is undoubtedly the most powerful and indeed common analytical technique used for 
routine quantification of multiple analytes within a single analytical procedure. 
2.2. Classification of Chromatographic Methods 
 There are two main classifications. The first is based on the way that the 
stationary and mobile phases interact. In column chromatography, a thin tube contains the 
stationary phase through which the mobile phase flows - usually aided by the application 
of pressure from a suitable pump. The second and more fundamental classification is 
based on the interactions of the solute between the stationary and mobile phase. 
 
Adsorption Chromatography or Liquid-solid Adsorption Chromatography (LSC): 
In this instance, the stationary phase is a solid and the mobile phase is either liquid or gas. 
The analytes are adsorbed onto the surface of the stationary phase with those exhibiting 
stronger attraction to the stationary phase travelling slower through the column. 
 
Partition Chromatography (LLC): The stationary phase is a liquid adsorbed into a 
solid; the liquid is physically retained by a solid support. The analyte will equilibrate 
between the liquid of the stationary phase and the mobile phase. 
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Molecular Exclusion Chromatography (LEC): The stationary phase is a polymeric 
solid with controlled porous size. The separation is due to ability of the analyte to fit 
within the pore size of the polymer phase. It is the only form of chromatography where 
the mobile phase does not influence the separation and is simply a way to transport the 
analyte through the stationary phase. Small molecules will be retained within the porous 
framework and will spend more time on the stationary phase than larger molecules. 
 
Affinity Chromatography (AC): This is the most selective chromatography in which 
the stationary phase is an immobilized molecule with very specific characteristics which 
will interact with a very explicit analyte.  
 
Ion-exchange Chromatography (IEC): In this case, the stationary phase is a charged 
resin. Analytes possessing the opposite charge to the groups immobilised on the 
stationary phase will be attracted to the latter by electrostatic forces. The mobile phase is 
always a liquid. 
2.3. Principles and Theory 
 The time that the analyte spends in the column is called the Retention Time (tR), 
and it depends on the interactions of the analyte with each phase: mobile and stationary. 
The interactions of the analyte with each depend on a combination of: ionic interactions, 
hydrogen bonds and van der Waals’ interactions. The separation is represented in a 
graphic form called a chromatogram; ideally, each peak within the chromatogram 
represents one analyte. For specific conditions, the retention time will be characteristic of 
a precise analyte which can therefore allow the subsequent identification of the analyte 
within a real sample. A good separation is qualitatively represented by a chromatogram 
with narrow and symmetrical peaks.                  
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2.3.1. The Chromatogram 
Solutes eluted from a chromatographic column are typically analysed with detectors 
typically employing electrochemical or, more commonly, spectrometric methodologies. 
As mentioned previously, a chromatogram is a graphic representation of the separation, 
showing the response of the detector as a function of time. Under ideal conditions, the 
height and area of the chromatographic peak are proportional to the concentration of a 
particular analyte, and in specific conditions the retention time is exclusive for that 
specific analyte. These characteristics make the chromatographic techniques a tool not 
only for the quantification of analytes but also for their identification. Figure 2-1 shows a 
chromatogram of the reaction between naphthoquinone and glutathione.  
 
 
Fig 2-1: Chromatogram of the reaction between naphthoquinone and glutathione. A: Injection,B: 
beginning of the interaction of the analytes with the column, h: height, W: peak wide, W1/2 ; peak wide 
at middle of the height. tR; retention time, tR’; adjusted retention time.  
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2.3.2. Retention Parameters 
 The Retention Time (tR) is the time that an analyte spends in the column since it 
was originally injected, and the Adjusted Retention Time (tR’) is the time that an analyte 
spends in the column itself and (tM ) is the time taken for the mobile phase to pass 
through the column. The Capacity Factor (K’) measures the time that an analyte spends 
within the column compared with the time that the analyte spends in the mobile phase 
and is defined as: 
 
                                               
 
 The longer an analyte is retained by the column, the bigger will be the capacity 
factor. The Selectivity Factor (α) indicates the separation between two peaks in a 
chromatograph but does not indicate the shape of the peak. The Selectivity Factor is 
defined as: 
 
                                                  
 
 Given that the Selectivity Factor does not give information about the shape of the 
peak, it is important to bear in mind other parameters such as resolution or efficiency.  
2.3.3. Efficiency of Separation 
Two main factors have an effect on the separation efficiency; one is the difference 
in elution time between peaks. The further apart the peaks are - the better is the 
separation. The other parameter is the width of the peak. The wider the peak, the poorer 
is the separation. Decreases in the peak height decrease the sensitivity and the increase in 
the peak width increases the risk of overlapping. Two theories are used to measure the 
efficiency of the separation and are discussed in turn: 
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Plate Theory: This is based on thermodynamic laws. In a chromatographic column, 
a plate is equal to the distribution of equilibrium in each stage where the equilibrium 
between the analyte and the stationary phase takes place. Two parameters can be 
quantitatively used to determine the efficiency of the column and therefore for the 
chromatographic separation. The first parameter is the plate height and the second is the 
number of plates. Both factors are related in the following equation 
     
 
      
     
Where H is plate height, L is total column length, W is the peak with and N is the 
number of plates. The greater the number of equilibrium stages – the greater the 
efficiency and this implies a high number of plates of low height. Plate Theory explains 
the Gaussian shape of the chromatographic peaks, and the velocity of the displacement of 
the peaks through the column, however this theory has some disadvantages in that it fails 
to explain the widening of the peaks. The theory was later modified to give the rate 
theory which is considered to be a more complete and robust theory. 
 
Rate Theory: This approach is based on the movement of the analytes in a 
determined velocity which can be controlled by controlling some experimental 
parameters such as the mobile phase or the nature of the stationary phase and it is defined 
by the equation of Van Deemter: 
 
             
 
 The diffusion of the solute A depends of the homogeneity of the flux and the 
difference in the length of the paths that the analyte has to run through the column. The 
analytes can travel through different paths due to the fact that the particles of the 
stationary phase are never identical, and therefore the chromatographic peaks will have 
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some width. However this factor can be reduced by reducing the particle diameter (which 
will result in an increase of the column back pressure) and by narrowing the size 
distribution.                           
 
The longitudinal diffusion B follows from the diffusion of the solute in the mobile 
phase (u) and from the time that the solute spends in the column. The mass transfer in the 
stationary phase (CS) depends on the thickness of the mobile phase - if the thickness 
increases - the solute has to make more effort to interact with the interface and allow 
equilibrium to take place. It is inversely proportional to the diffusion coefficient of the 
analyte in the mobile phase. The mass transfer in the mobile phase (Cm) is proportional 
to the particle diameter of the particles in the column and to the diameter of the column 
and it is inversely proportional to the diffusion coefficient of the analyte to the mobile 
phase. 
Plate height (H) will therefore be at a minimum when the diameter of the particles 
of the stationary phase, the diameter of the column and the thickness of the mobile phase 
are low and in the case of gas chromatography - when the temperature of the mobile 
phase is high. 
2.3.4. Resolution 
 Resolution (R) refers to the separation between two following peaks. The 
separation of two wide peaks can be the same as the separation between two narrow 
peaks but the resolution will be different. This is highlighted in Figure 2-2 where the 
green chromatogram illustrates the case where the peaks will have bad resolution and in 
the second case (red chromatogram) where the peaks exhibit good resolution. 
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R= 1.5 good separation             
R = 1.0 overload of 4% 
R = 0.75 bad separation.  
  
 
  
 
Fig 2-2: Chromatograms showing the difference in 
resolution between two sequentially eluting peaks  
2.4. High Performance Liquid Chromatography 
 High performance liquid chromatography (HPLC) is a highly efficient form of  
chromatography that appeared in the mid 1960s, and is based on the use of small particles 
within a column with the mobile phase transported through under high pressure Figure 2-
3. The use of the latter increases the velocity of the components which mean they will 
have less time to interact with the stationary phase leading to improved resolution of the 
chromatogram. Over the years, different improvements have been introduced due to the 
increasing demand for information on chemical concentrations in almost every facet of 
modern life covering a multitude of biomedical, environmental and industrial 
applications. The efficiency of the separation has been improved with modifications on 
the particle size of the chromatographic column. In the past decade, the size of the 
particles were typically between 30-50µm  whereas recent years has seen the introduction 
of particles with a diameter range between 3-5µm. Another substantial advantage is the 
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diversity of detectors that can be coupled to the chromatographic columns and can 
include: uv/vis[1], fluorescence[2], electrochemical[3], or mass spectroscopy 
detectors[4].  
 
 
 
Figure 2-3: Schematic of a typical HPLC system 
 
2.6. Introduction to Electrochemistry 
 Electrochemistry is a branch of chemistry that relates chemical and electrical 
effects.  Electrochemical measurements can offer quantitative and qualitative information 
and also enlighten about the thermodynamics and kinetics of a chemical reaction. 
Electrochemistry has different advantages over other techniques, the low cost of the 
instrumentation if it is compared with other techniques such as those based on 
spectroscopic methodologies. Varying the electrode material, electrode design, and 
system set up can increase the selectivity and sensitivity of the technique. 
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2.6.1. Electrochemical cells 
 In electrochemical systems the action occurs at the interface of the working 
electrode (WE) and the ionic conductor or electrolyte. The process that takes place in a 
voltammetric cell is the transfer of electrons at the electrode – electrolyte interface. The 
electrode at which the reaction of interest (oxidation or reduction) occurs is called the 
working electrode (WE) and the potential of the latter is fixed relative to a reference 
electrode (RE). This has a constant potential of known value. In most electrochemical 
investigations, the cell consists of a three electrode system, the WE where the reaction of 
interest takes place, RE possessing a fixed potential, and the auxiliary or counter 
electrode (CE). The latter is included to ensure that the current does not flow through the 
reference electrode. The current passes through the interfaces at the working electrode 
and the auxiliary electrode. A potentiostat maintains the potential of the working 
electrode with respect to the reference. 
2.6.2. Reference Electrodes 
Reference electrodes are characterised as having a well known and constant 
potential that is generally unaffected by the composition of the sample solution. Their 
stability is of a great importance and they are usually contained within a half cell design 
which can be introduced into the test solution. The internal solution of the half cell 
contains a solution with either a known concentration, or in some instances a saturated 
solution, of the redox species responsible for maintaining the potential. In order to allow 
the interaction of the electrons with the external cell, the half cell tube is capped with a 
device which forms a liquid junction such as fritted disc or a porous plug and effectively 
serves as the salt bridge. Two of the more common reference electrodes are described in 
the following sections:   
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The Standard Hydrogen Electrode (SHE) consists of a platinised platinum electrode 
immersed in a solution of hydrochloric acid under standard conditions. The SHE is 
mainly used to measure electrode potentials and is given the internationally recognised 
potential of zero volts. The hydrogen electrode can be used as a cathode or as an anode, 
depending of the half cell with which the electrode is coupled.  The standard reduction 
equation for the halfcell is: 
 
 
 
 
While it is the reference electrode against which all other standard reduction potentials 
are measured its practical application in a sensing context is severely limited due to the 
nature of the electrode setup. There are considerable issues with maintaining the surface 
activity of the electrode and there is a need for highly acidic conditions and a hydrogen 
gas supply – neither of which are appropriate for routine analysis. 
Silver  /  Silver  Chloride  Electrode.  This is one of the most common reference 
electrodes. It exploits the redox system of silver metal (Ag) and its halide salt - silver 
chloride (AgCl). The filling solution is typically either 3M potassium chloride or a 
saturated solution of the latter. In contrast to the SHE, the Ag/AgCl electrode is easier to 
construct and to incorporate within a conventional electrochemical cell. Moreover, it can 
be readily miniaturised and forms the basis of numerous disposable sensors in which the 
reference is formed from an Ag/AgCl ink or paste. In the present project, the reference 
within the flow cells was generally constructed by incorporating a chloridised silver wire. 
This was prepared through the oxidation of the silver wire (connected initially as the WE) 
in the presence of 0.1M hydrochloric acid according to the following process:  
Ag(s) → Ag+ (aq) + e 
Ag+(aq) + Cl-(aq) → AgCl(s) 
 
This results in the initial stripping of silver and the rapid  formation of a layer of silver 
chloride which essentially mimics the system found within commercial Ag/AgCl 
reference electrodes (ie those supplied by Bioanalytical Systems). The only difference is 
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that it is not contained within a discrete half cell with its own internal chloride solution. 
The potential of the reference electrode was therefore maintained at a constant value 
through introducing a known concentration of chloride ion (0.1M KCl) within the test 
solutions. 
2.6.3. Working Electrodes 
 An ideal working electrode (WE) will exhibit fast electron transfer kinetics and 
respond in a reproducible manner to changes in the activity of the analyte. The WE is 
made from a conductive but, normally, chemically inert material. The most common 
examples are the noble metals – platinum and gold – though more reactive systems such 
as copper and nickel have been used extensively for specialist applications such as 
carbohydrate detection. Carbon is another electrode material that has wide applicability 
and has emerged as an extremely flexible material that possesses many advantages over 
the others given the relatively inexpensive nature of the material, the diversity of forms it 
can take and its ability to be modified and processed. These aspects were summarised in 
Chapter 1 and the opportunities that they provide for developing new electrochemical 
sensors and detectors is explored in the subsequent chapters.  
2.6.4. Auxiliary/Counter Electrodes  
 The counter electrode (CE), also called the auxiliary electrode, is used in a three 
electrode system to prevent the current having to go through the reference electrode. It is 
usually an inert material such as platinum and often has a surface area much larger than 
that of the working electrode so as not to limit the electrode processes being investigated 
at the WE.  
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2.7. Mass Transport 
 The transport of material from the bulk solution to the surface of the electrode 
where the reduction or oxidation of the molecules occurs is a vital component when 
attempting to understand the processes that can take place. There are three main 
processes that control movement of material from the bulk solution to the surface of the 
electrode: diffusion, migration and convection. 
2.7.1. Diffusion 
 Diffusion is a mass transport process that will be present in all electrochemical 
measurements, and involves the transport of molecules from a region of high 
concentration to where the concentration is less and is highlighted in Figure 2-4. During 
an electrochemical process, the analyte will be oxidized or reduced only at the surface of 
the electrode and in doing so, the analyte will be consumed at the electrode surface. To 
equilibrate this imbalance, molecules of the analyte in the bulk solution will diffuse to the 
electrode surface.  
 
Figure 2-4:  Diffusion 
mechanism on a bulk 
solution 
 
 
This behaviour can be explained by Fick’s laws but a number of terms must be defined 
before considering these in more detail. Flux (J) is defined as a number of molecules 
penetrating a unit area of an imaginary plane in a unit of time (mol/cm2s). Diffusivity (D) 
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is the constant that describes how fast or slow a molecule diffuses (cm2 / s). Fick’s First 
Law explains how the flux goes from high concentration to places with less concentration 
with a magnitude proportional to the concentration gradient with the following equation: 
 
However, Fick’s First law does not explain how diffusion changes the 
concentration gradient with time. This is outlined in Fick’s Second Law by the following 
equation: 
 
2.7.2. Convection 
 Convection is due to the action of a force (usually mechanical or thermal) in the 
solution. This is commonly encountered in the form of stirring a solution or having a gas 
bubbling in the solution. Natural convection is present in all solutions due to small 
differences in thermal or density properties which mix the solution in an arbitrary way. 
Natural convection can be a difficulty if the measurement takes longer than 20 seconds. 
This problem can be avoided by introducing forced convection which is several orders 
bigger than natural convection and removes the casual aspects of the experimental 
measurements. However this will be true only if the convection is well defined and this is 
highlighted by the different flow regimes in Figure 2-5  
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Figure 2-5: Representation of laminar and turbulent flow 
 
 In linear flow, the movement is predictable and controllable with the particles 
following a specific direction, no mixing is produced and the movement can be 
quantified. In turbulent flow, the convection is unpredictable producing random 
movements and mass transport cannot be easily quantified. Reynolds (1940) was the first 
to create a predictive model for convection mass transport in a linear flow condition with 
the follow equation: 
 
 
 
Were υch is the characteristic velocity (cm /s ) and l (cm) is the characteristic length 
for the system of interest. 
2.7.3. Migration 
 Migration takes place whenever a voltage is applied to an electrode and is an 
electrostatic effect. When a voltage is applied, the electrode becomes charged and any 
charged species near the electrode surface will either be attracted or repelled depending 
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on the voltage applied. This form of mass transport can be described mathematically by 
the following equation:  
 
 
 
 
where migration flux is represented by jm, [C] is the concentration of the ion, Φ is the 
electric field and u is the ionic mobility. 
 However in real solutions migration is difficult to quantify due to ion solvation 
effects and diffuse layer interactions in solution. In order to solve these problems 
voltammetric measurements are usually done in the presence of an inert electrolyte. This 
is normally a salt that protects the reactant from migration. The function of the electrolyte 
is not only to prevent migration effects but to help the current pass through the solution. 
It can also serve additional purposes – buffering the solution or, the case of KCl, fixing 
the reference potential. 
2.8. Voltammetry 
 In voltammetry, the current is measured as a function of an applied potential. 
Normally an increasing potential is applied to the working electrode and a residual 
current is observed until the reactant reacts on the electrode surface and an increase of the 
current value is observed – often leading to a peak shaped response. It is a dynamic 
technique due to the fact that the applied potential changes the concentration of 
electroactive species at the electrode surface. The electrode process (oxidation or 
reduction) involves the transfer of a charge between two different phases; the charge will 
be transferred between the electrode, metal phase and the solution phase, a charge 
separation must develop between the two phases which creates a potential difference 
between the electrode and the solution. If the potential of the solution is Φs and the 
potential of the metal is Фm , the potential drop between the two phases is, 
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 The quantification of this difference at a single interface is not feasible experimentally, 
therefore can be done with the introduction of a reference electrode which also possesses 
a potential drop but which is constant so any device that measures the voltage will 
measure the potential drop at both interfaces, consequently the voltage observed is 
defined by the following equation: 
                                 
 where the constant refers to the potential drop at the reference electrode. When  a 
potential is applied between the working electrode and the reference electrode, current 
flows between both electrodes and a third term must be added to the previous equation to 
give: 
                                
 Where R is the electrical resistance of the solution and i is the current that flows 
between the two electrodes. When measuring low currents the term iR can often be 
neglected, however for the measurement of large currents iR is no longer negligible and 
the potential drop of the reference electrode can suffer changes due to the change of the 
chemical composition of the reference electrode by the passage of current through the 
latter. This problem can be avoided with the use of a third electrode - the auxiliary 
electrode. The potentiostat ensures that the current only flows through the working 
electrode and the auxiliary electrode and thus the reference electrode will maintain a 
constant potential. The most common uses for voltammetry are the quantification of 
organic and inorganic compounds in aqueous and non aqueous systems, determination of 
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electron transfer mechanisms or the determination of kinetics. The analyte must be 
capable of being oxidised or reduced in a potential range where there is no contribution to 
the current from the decomposition of the solvent.  
 2.8.1. Cyclic Voltammetry 
 Cyclic voltammetry is based on 
applying a triangular waveform in which 
a potential range is “scanned” at a 
constant rate (scan rate). This is 
highlighted in Figure 2-6. Varying the 
potential in both directions backward 
and forward and recording the current. It 
is a technique widely used for the study 
of redox processes, and for the study of 
reaction intermediates. A cyclic 
voltammogram detailing the profile 
observed for a reversible electron 
transfer reaction is highlighted in Figure 
2-7. The potential is swept from 0 V to 
0.55 V. At the beginning of the cycle, a 
residual current is observed but when the 
potential is going to more positive values 
we observe an increase of the current 
due to the oxidation of the analyte, the 
second peak is due to the reduction of 
the analyte previously oxidised.  
Figure 2-6: Triangular waveform associated 
with cyclic voltammetry 
The shape of the peak 
indicates a diffusion process and as 
Figure 2-7: Voltammogram of a reversible electron 
transfer 
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 we get close to the ideal potential the kinetics of the reaction are more favourable. The 
 be as a 
fast electron transfer. In irreversible reactions the product of the oxidation is not reduced 
distance between the two peaks can used to gauge whether or not the reaction h
and no backward peak is observed as shown in Figure 2-8. 
 
Figure 2-8: Voltammograms comparing the profiles typical  of reversible, quasi reversible and irreversible 
electron transfer 
Cyclic voltammetry can be used to study organic or inorganic reactions. Until now we 
with anything within the sample matrix. One interesting aspect of electrochemistry is that 
er chemical transformation 
reacting with solvent or with some other component in the solution at a rate characterized 
by the constant rate k.  
have been assuming that the formation of the product is stable and that it does not react 
the addition or removal of electrons from one molecule could generate a new redox site 
or a reactive molecule that will interact with the solvent or other species present in the 
medium. A variety of mechanisms, some of which involve complex sequences of 
electrochemical and chemical reactions can however occur: 
EC Mechanism: This is where there is a following chemical reaction in which the 
product of the electrochemical process undergoes a furth
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If the rate constant of the chemical reaction is very high, as soon as the intermediate is 
produced at the electrode it is consumed through the chemical reaction, therefore the 
backward sweep in the cyclic voltammetry will be substantially reduced in magnitude 
and may even be absent.  If the rate constant is small, the chemical reac n is slow and 
thus no difference from the reversible cyclic voltammogram may be observed. These 
 of the reduction process. Large 
rate constants are typified by the dashed line  - 
intermediate by the dot-d  line and small rate 
constants by the solid line 
tio
cases are highlighted in Figure 2-9. If the rate of the chemical reaction is not very fast the 
scan rate will contribute in the shape of the voltammogram and can be used in the 
elucidation of the reaction mechanism and reaction kinetics.  
 
Figure 2-9: Cyclic voltammograms detailing an 
EC type mechanism. Influence of the rate constant 
on the magnitude
ash
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EC’ Mechanism, also called a catalytic reaction is a special type of EC 
mechanism in which the electrogenerated species Y react with another component Z to 
regenerate the starting material X as shown below.   
 
 
 
This gives rise to a characteristic sigmoidal profile (Figure 2-10) and is found with 
both chemical (ferrocene composites) and the enzyme systems discussed in later chapters. 
 
  
Figure 2-10: Cyclic voltammograms detailing an EC’ type mechanism.  
 
ECE. This involves an electron transfer, a chemical reaction and another electron 
transfer as indi ctive species 
which reacts with another component in the solution but, in contrast to the EC 
cated in the abbreviation. It is based on the generation of a rea
mechanism, the resulting product is electroactive within the potential window being 
studied. Thus a similar profile to that shown in Figure 2-9 is initially observed but with 
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the addition of another, new, process observed. The position depending on the nature of 
the resulting electroactive product. 
2.9. Scanning Electron Microscopy (SEM) 
que that uses electrons 
instead of light to create an image. The electrons interact with the sample and produce 
signa
Scanning electron microscopy is an observational techni
ls that contain information about the topology and composition of the sample. 
Figure 2-11 details the main components of a scanning electron microscope. 
 
 
 
 Figure 2-11: Components of a scanning electron microscopy (SEM) 
 
T  the top of the column. 
he electron source comes from a filament - normally a Tungsten hairpin. The filament 
acts 
he electrons are generated in the “gun” that is situated on
T
as a cathode, then a potential is applied and the filament is heated, the electrons 
generated migrate to a ring (anode) that is held positive with respect to the cathode. Some 
of the electrons are accelerated right to the anode and then are focused by a condenser 
lens into a very small point at the sample. The electrons that hit the sample produce both 
photon and electron signals. X-Ray signals can supply information about the thickness 
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and composition of the sample. Primary backscattered electrons will inform about atomic 
number and topography. Secondary electrons will inform about the topography. 
Specimen current will report about the conductivity of the sample. 
Cathodolumininescence will give electrical information and auger electrons will give 
surface sensitive and compositional information. All of these signals are present in the 
SEM but not all are used to obtain information. The signals most commonly used are the 
Secondary Electrons, the Backscattered Electrons and X-rays. These electrons collected 
by a secondary detector or backscatter detector are converted to a voltage, and amplified. 
The amplified voltage is applied to the grid of the CRT causing the intensity of the spot 
of light to change. The image consists of thousands of spots of varying intensity on the 
face of a CRT that correspond to the topography of the sample. In a modern SEM the 
scans signals are generated digitally by computer controlled circuit. 
It is very important to maintain the vacuum into the column. The reason is that if 
the column is filled with gas, the electron beam cannot be maintained. The electrons 
could
Force Microscopy (AFM) 
t provides a great deal of 
information about the surface chemistry as well as the general topography of the surface 
 react with the gases and burn out or cause electrons in the beam to ionize, which 
produces random discharges and leads to instability in the beam. The SEM has a large 
depth of field, which allows a large amount of the sample to be in focus at one time. The 
SEM also produces images of high resolution, which means that closely spaced features 
can be examined at a high magnification. The limit of detection depends on the 
instrument but falls between 1 and 50nm. Preparation of the samples is relatively easy 
since most SEMs only require the sample to be conductive. This is accomplished by 
sputtering the sample with a conductive material normally gold or carbon. In some cases   
dehydration of the sample – especially those of biological origin may be required. The 
combination of higher magnification, larger depth of focus, greater resolution, and ease 
of sample observation makes the SEM one of the most heavily used instruments in 
materials research. 
2.10. Atomic 
This technique is a high probe imaging system tha
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of the sample – whether it is conducting or non conducting. The AFM can offer image 
resolution down to the atomic scale, although many users of the AFM rarely need this 
resolution, working instead mainly in the molecular or in the sub-micrometer regime. The 
AFM consists of cantilever with a sharp tip (probe) at its end that is used to scan the 
specimen surface as indicated in Figure 2-12. 
 
 
 
Figure 2-12: Components of a simple Atomic Force Microscope (AFM) 
The cant  curvature on 
the order of nanometers. When the tip is brought into proximity of a sample surface, 
force
 
ilever is typically silicon or silicon nitride with a tip radius of
s between the tip and the sample lead to a deflection of the cantilever according to 
Hooke's law. Hooke’s law is a simple equation that express the force generated within a 
spring when compressed in terms of spring constant and spring length. 
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Cantilevers are essentially springs, typically 50-200 micrometers in length. The 
detection system measures the deflection of the cantilever. A diode laser is focused onto 
the b
 former, the tip is in contact with the surface 
and it is deflected as it is scanned across the surface. In constant force mode, the tip is 
frictional forces by measuring the twist of the 
cantilever instead its deflection. It can be use to determine areas of different frictions. 
the 
on contact mode and the tip, sporadically get in contact with the surface of the sample. 
or sample tip 
teraction. The tip oscillates at high frequency and pushed into the repulsive force, the 
ack of the cantilever and as the tip scans the surface of the specimen the laser 
deflected from the back of the cantilever to a dual element photodiode. The photodetector 
measures the difference of light intensity between the upper and lower photodetectors. 
2.10.1. Modes of Operation 
Contact / Non Contact Modes.  In the
constantly adjusted to maintain a constant deflection, and therefore constant height above 
the surface. It is this adjustment that is displayed as data. Sometimes the tip is allowed to 
scan without this adjustment, and one measures only the deflection. This is useful for 
small, high-speed atomic resolution scans, and is known as variable-deflection mode. In 
non contact mode the cantilever oscillates, meaning that the tip is quite close to the 
specimen surface but it is not in contact. 
. 
Lateral Force Microscopy measures 
 
Dynamic Force also called tapping mode. The cantilever oscillates closer than in 
n
The main advantage is that the lateral resolution increases for soft samples. 
 
Force Modulation. This mode uses the properties of the probe material f
in
slope of the force-distance curve is measured which is correlated to the sample's 
elasticity. 
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Phase imagining. The phase shift of the oscillating cantilever relative to the driving 
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Chapter 3 
 
New Strategies for Detecting Nitrate 
 
________________________________________________________________________ 
Abstract 
 
The present chapter presents a number of different approaches that have been taken 
in the development of analytical methods for the determination of nitrate within both the 
lab and field. A critical appraisal of the chemistry that underpins current commercial 
nitrate systems is presented and the need to remove the dependence on hazardous heavy 
metals (typically Cadmium) and concentrated acid components discussed. Two 
electrochemical detection pathways were investigated. The oxidation of nitrite arising 
from the electro-reduction of nitrate was assessed as a means through which to determine 
the latter without the need for prior degassing of test solutions. The possibility of 
transferring the approach to a disposable format was assessed through the development of 
carbon fibre composite sensors. The analytical performance of the prototype sensors have 
been evaluated. In the second approach - a gold electrode array for use in flow injection 
analysis applications is described. The detection of nitrite and nitrate have been used a 
model analytes with the latter quantified using a nano-structured copper plug formed by 
the in situ plating directly within the array.  
 
The work presented in this chapter has been accepted for publication within 
 Electroanalysis. 
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3. 1. Introduction 
The contamination of ground and surface water by nitrate has been of interest to 
both the scientific community and the wider public – particularly in relation to concerns 
over the potential hazard to health [1-5]. The anion is ubiquitous in nature but excessive 
loading can have significant impact – in terms of local ecological alteration but also from 
a human health viewpoint – particularly where drinking water is to be extracted. 
Legislative controls, such as the European Nitrate Directive (91/676/EC), are increasingly 
used to preserve the integrity of water systems through imposing limits on the amount of 
nitrogen that can be applied to various soils as the most common source of contamination 
tends to arise from agricultural run off. Nitrate Vulnerable Zones (NVZ) have been 
identified in most European countries and presently accounts for approximately 55% of 
the land within England [6, 7]. Compliance with the various statutory limits is typically 
enforced by a combination of on-site inspection and periodic waterway / borehole 
monitoring [8]. It is no surprise to find that there is a burgeoning interest in the 
development of technologies that can facilitate rapid field measurements of nitrate 
concentration. This chapter has sought to examine the various detection strategies that are 
being employed within commercial systems and explore potential developments that 
could be future face of environmental research and monitoring.  
 There are numerous reviews and books on the environmental fate of nitrate and 
also its potential, though contentious, influence on human health [1-5, 9-12]. This initial 
discussion assumes that the reader will be more than familiar with the background to the 
bio-geochemical transformations within which the anion has a role. There have been 
several reviews on the merits and limitations of various analytical strategies targeting 
nitrate from both environmental and biomedical viewpoints [13-16] but, as yet, none have 
focused on the field application of the methodologies within the former. A critical review 
of the chemistry that underpins the analytical systems currently available was thought to 
be appropriate and the material is compared and contrasted with more fundamental 
approaches that possess the potential for transfer from the research bench to a field 
setting. The material presented herein makes no claim to be comprehensive. The focus is 
on the different methodologies being promoted rather than incremental improvements of 
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one particular technique and considers the movement towards detection systems that are 
inherently safer and more environmentally acceptable. The “Green”-ing of nitrate 
detection has long been promoted within the 
research literature as the raison d’être for many 
investigations and stems from the fact that 
historically, the most successful field method of 
measuring the anion relies upon the interplay of 
several toxic chemicals – cadmium and 1-naphthyl-
N-ethylene diamine [13-16]. The former to reduce 
the nitrate to the more reactive nitrite which can 
then be quantified by the coupling of the latter to 
nitrite diazotised sulphanilic acid in what is the now 
the classical Griess test method [17] shown in 
Scheme 3-1. There are obvious issues over the 
handling of such agents but their effectiveness, at 
least in part, explains their longevity as the 
foundation upon which many of the disposable 
dipstick tests are currently built. The lack of suitable 
alternatives is the other factor and the continuing 
driving force behind nitrate detection research. The 
latter encompasses a varied mix of technologies as 
befits the challenge presented by a target that can be 
remarkably uncooperative even when considering 
the many options open to conventional lab based 
analytical methodologies and is a consequence of 
the unreactive nature of the anion. The main 
workhorses of the environmental analysis lab are 
based on ion chromatography and its variants and 
relies upon column resolution of the various anions 
prior to detection by either conductivity or 
spectroscopic (UV) methodologies [18-24].  
 
Scheme 3-1: Standard Griess test for 
the determination of nitrate. 
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Flow injection analysis is an alternative and simpler system and almost invariably 
relies upon the reduction of nitrate to the more reactive nitrite and its determination after 
suitable derivatisation [25-30]. This involves some intricate chemistry – some of which 
has been successful in making the leap from lab to field. The transfer to field based 
measurements and the much more limited chemistry that can be applied in such settings 
obviously increases the challenge. The difficulty is increased further by the need to cover 
a fairly wide concentration range. The official limits for nitrate in drinking water vary 
from country to country with the World Health Organisation recommending 50 mg/L 
[30]. The European limits follow the latter while the US Environmental Protection 
Agency stipulates a more rigorous limit of 10 mg/L. Nitrate can vary between sub 
microgram per litre (nano-molar) common to marine environments to many hundreds of 
milligram per litre (milli-molar) for soil samples [13-16]. The concentration range will 
clearly depend on the source and nature of sample being investigated and, as such, the 
correct choice of the field test will be crucial and is not simply a question of economics or 
usability.  
3.2. Commercial Field Systems 
Most commercial nitrate monitoring systems designed specifically for field use are 
based on either the disposable test strip or the reaction vial. These differ only in terms of 
sample and reagent handling and both almost invariably rely on assessing the colour 
change associated with the introduction of the nitrate containing sample. These are 
commonly marketed for aquacultural monitoring purposes along with nitrite, phosphate 
and various other nutrient tests. The test strip is clearly the easiest system to use and in 
many cases will utilise a variant of the cadmium / Griess test (Scheme 3-1). The presence 
of the heavy metal will rarely be found on the advertising literature but it will 
nevertheless be a microscale version of the cadmium reduction column common to the 
laboratory [25-29]. Many of the Merck systems utilise the synergistic interaction of 
cadmium, copper sulphate and zinc. The advantages of the strip system are that they are 
essentially “reagentless” from the point of user manipulation with the chemicals 
impregnated within the detection pad with the simple immersion and removal of the strip 
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all that is required. Storage and hence disposal of the used strip is relatively simple and 
arguably the most convenient of all the commercial systems used. 
The vial approach is the alternative and employs a miniature chemistry set in which 
aliquots or sachets of various reagents are mixed along with the sample. There is a 
significant drawback in that the resulting mixture must then be disposed of properly – 
which can be difficult in a field setting – especially if a large number of samples are 
required. This is not a trivial matter given the possible presence of cadmium (metal and 
ion) in the waste. There are alternatives to the use of cadmium. The most common, not 
surprisingly the least expensive, is where the nitrate is induced to react directly with an 
aromatic indicator – the nitration reaction yielding a coloured product that can be used to 
quantify the anion. Ordinarily, this approach would be the preferred option and is a 
generic strategy employed in many 
water quality measurements for a 
whole host of anions and cations. The 
problem in this instance, however, lies 
in the fact that nitrate, as mentioned 
previously, is incredibly stable and 
requires significantly harsh conditions 
before it will participate in even 
simple reactions. The latter are 
typically supplied by the addition of a 
concentrated sulphuric acid solution. 
This is the archetypal nitration 
reaction common to most 
undergraduate laboratory courses but 
carried out by the river side. 
Concentrated sulphuric serves a 
number of purposes: one is to 
dehydrate the nitrate sample added; 
the second is to generate heat (as a 
consequence of the exothermic heat 
 
Scheme 3-2: Derivatisation-Detection of Nitrate. A) 
Colorimetric determination of nitrate through 
conventional nitration pathway. B) Electroanalytical 
determination through reduction of the nitro to 
corresponding amino derivative. 
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of hydration released by mixing the concentrated acid with water from the sample) and 
the third is to generate the nitronium ion (NO2+) which will then react with an activated 
aromatic through conventional electrophilic substitution [31] as indicated in Scheme 3-2.  
In commercial terms, several variants of the Merck Microquant system employ 3,5-
dihydroxybenzoic acid as the activated indicator. In principle, there is potentially a huge 
number of possible contenders and many variations have appeared in both the historical 
and recent research literature (eg. resorcinol [32], 1-naphthol-8-sulfonic acid[33],  anisole 
[34], Brucine [35], salicylic acid [36]) – the main requirement is an aromatic with 
electron releasing groups to facilitate the electrophilic substitution and ensure that the 
kinetics are sufficient that the test is accomplished within a few minutes. Similar assays 
have been developed but serve as the derivatisation step prior to analysis by gas or liquid 
chromatography [36-41]. Again the principles are the much the same – activated 
aromatic, concentrated acid and the addition of the nitrate sample. In terms of a field test 
- changing the nature of the indicator has a relatively minor influence on the detection 
wavelength but there will be clear advantages when considering a lab based system where 
seemingly minor variation in chemical structure may significantly influence the molar 
absorptivity and hence detection sensitivity. Irrespective of the indicator employed - the 
main practical issue relates to the handling and disposal of the concentrated acid solution 
once the test has been completed. Both the cadmium-Griess hybrid and the nitration 
routes hark back to classical chemistry. A more modern alternative relies upon the 
inherent selectivity and catalytic ability of nitrate reductase enzyme to convert the nitrate 
to nitrite[42-43] as indicated in Scheme 3-3.  
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Scheme 3-3: Enzymatic reduction pathway for the determination of nitrate 
The enzyme is produced by a variety of animals, plants, and microorganisms and 
usually contains three cofactors – the flavin dinucleotide (FAD), a heme-iron 
(cytochrome) and a molybdenum (Mo-molybdopetrin) centre. The latter is the site at 
which nitrate is reduced while the first is principally where the NAD(P)H is oxidised to 
regenerate/re-activate the enzyme. Providing an excess of the latter is provided the 
enzyme will effectively consume the nitrate producing nitrite which can be determined 
using conventional Griess chemistry (Scheme 3-1). The advantages being the very 
notable omission of cadmium or the concentrated acids such that disposal of the test is no 
longer an issue. The disadvantage however is that the system is significantly more 
expensive (almost by a factor 10) than the purely chemical approaches and this is borne 
out when examining the range of commercial systems that are currently available. There 
is an abundance of suppliers offering the simple nitrate test strip or reaction vial approach 
with very few promoting the enzymatic system.   
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Whether test strip or reagent vial is used and irrespective of cadmium, concentrated 
acid or enzyme chemistry; the analytical signal and the eventual nitrate concentration is 
obtained simply through comparing the colorimetric response with a colour chart 
included with the test typically covering the range of 0-500 mg/L. These often appear as a 
series of graduated coloured blocks (i.e. 0, 10, 25, 50, 100, 250, 500 mg/L) delineating 
the various nitrate concentration steps. There can often be considerable ambiguity in 
ascribing the colour to a series of shades (be it orange or pink) on the comparator chart 
but the errors associated with colour perception can be overcome electronically through 
the insertion of the vial within a portable colorimeter or reflectometer. While these are 
moderately expensive (when compared to the simple test strip package) this can often be 
mitigated through their versatility / generic applicability in measuring a range of different 
analytes simply by changing the filter. 
Barring the introduction of the enzyme based systems, there has been relatively 
little change in the nature of the tests over the past few decades but this could be expected 
to change in the future as more stringent regulations are imposed over the use of the 
chemicals associated with the test – particularly cadmium. The pertinent question is 
therefore – what are the alternatives that could emerge in the near future?  
3.3. New Developments 
There is a substantial body of literature on the development of new analytical 
methods for nitrate determination. In most cases these are based on traditional 
chromatographic methodologies which will have little prospect of transfer to a field 
setting. These exploit the pre-derivatisation of the nitrate – in much the same way as is 
done with the colorimetric vial systems discussed previously – the difference being that a 
more rigorous quantitation is possible [37-41]. While portable chromatographs have been 
in existence for many years – it is unlikely any would be a realistic competitor with the 
existing test strips. Lab-on-a-chip systems can offer micro-capillaries that mimic 
chromatographic systems but the derivatisation step is still reliant upon concentrated 
acids and there appears to be little extra value to be gained from the increased 
sophistication of the detection system. Similar arguments could be used for 
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electrophoretic systems [44-47] but these have an inherent advantage over conventional 
liquid or chromatographic systems in that they are more suited to the separation of 
charged species and could, in principle, offer multi-analyte resolution without pre-
derivatisation. Assuming the instrumentation could be packaged in a portable format then 
these may well represent the future of ion based field measurements. At present, they are 
laboratory based systems restricted to research groups through the inherent complexity in 
their operation and maintenance.  
Electrochemical sensors may represent the most immediate contender to challenge 
the supremacy of the test kits. This methodology already has a tentative foothold in the 
commercial market through the availability of nitrate ion selective electrodes (ISE). 
These serve a niche market in that they are more likely to be used for continuous 
monitoring purposes rather than for ad hoc field measurements. They have some 
considerable advantages over the existing technologies – being reagentless – relying upon 
the selective membrane interaction of lipophilic anion receptors such as N,N,N-triallyl 
leucine betaine [48-50]. They are reversible and possess a large dynamic range (micro to 
molar nitrate). They almost represent the ideal alternative as the underlying 
potentiometric signal transduction is akin to that used in conventional pH sensing. In 
principle, this should offer a relatively simple means of monitoring nitrate but the system 
can be far from intuitive and perceived by many as a complex instrument that requires 
frequent calibration, is rather slow with a near continual drift in response that will pose an 
obvious ambiguity to those less experienced in the use of ISE’s.   
Much of the emphasis is on ion selective rather than ion specific but while there is 
continuing research into the design of new anion receptors, the majority of the 
electroanalytical nitrate effort however relates to voltammetric rather the potentiometric 
detection methodologies. The former is a more aggressive approach in that rather than 
passively monitoring the potential, as in the latter, the potential is actively controlled such 
that the nitrate is electrochemically reduced with the transfer of electrons from electrode 
to target used as a mean as of quantifying the anion. The current is monitored as a 
function of potential and offers a degree of selectivity in that the potential at which nitrate 
undergoes the reaction will be characteristic of the anion, electrode and electrolyte being 
used. A wide range of electrode substrates have been investigated and include silver [51], 
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cadmium [52], platinum [53], gold [54] and, more recently, boron-doped diamond 
[55,56]. Various alloys and catalytic deposits have also been investigated – typically 
involving nickel [57], copper [58-60], tin / palladium [61,62] and platinum / rhodium 
[63]. 
The typical reaction profile observed with a voltammetric scan is shown in Figure 
3-1 and highlights the response of a freshly deposited macroporous copper electrode to 
nitrate [58]. The measurement is initiated at a potential where there is essentially no 
electrode reaction and hence little observed current. The potential at the electrode is then 
made more negative (cathodic) and several peaks can be seen to emerge. These 
correspond to the different species present with Cu(I), Cu(II) and NO3- transitions clearly 
visible. The Current then increases dramatically towards the end of the scan as the 
breakdown of the electrode occurs (reduction of protons to hydrogen gas).  
 
 
Figure 3-1: Linear sweep voltammograms detailing the reduction of nitrate at a freshly 
plated copper electrode. Adapted from Davis et al [58]. 
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The height of the peaks is proportional to the concentration of the various species 
and hence it could offer a relatively rapid means of quantifying nitrate. The response in 
Figure 3-1 is at a freshly plated copper electrode which possesses sites that are highly 
reactive towards nitrate [58]. The electroanalytical determination of nitrates at simple, un-
treated / un-modified  electrodes is not simple as the kinetics of charge transfer associated 
with the direct reduction of the anion is slow, despite the thermodynamic feasibility of the 
reduction and, as such, the current response and hence the sensitivity of the technique 
suffers [63]. Increasing the applied potential – hence driving the reaction forward – is one 
approach to overcoming the poor response but this can compromise selectivity as 
different processes overlap. This can be inferred from Figure 3-1 where increasing the 
applied (negative) potential increases the possibility of the nitrate being obscured by the 
significantly larger current arising from the hydrogen evolution process. 
Electrode modifications to improve both the sensitivity and resolution capabilities 
of base element substrates are common but these incur the overhead of restricting 
application to specific research groups through increasing the technical and procedural 
complexity of both sensor and the protocol. There are however a number of simpler 
options that can be readily adopted and rely upon the in situ plating of the metal to 
provide the large surface area of highly active catalytic particles [56, 60]. This can often 
be achieved simply by adding an aliquot of the sample to an electrolyte solution 
containing the appropriate metal salt. The electroanalytical procedure is fairly 
independent of the base electrode material as the nitrate reduction occurs at the freshly 
deposited metal layer, and this is a major benefit for this approach. This has been 
exploited in the development of disposable capillary fill devices in which screen printed 
carbon electrodes were used in conjunction with cupric sulphate to provide a response to 
nitrate [64]. A simpler, and arguably more intuitive, protocol that offers reagentless 
sensing capabilities is where the anodic dissolution of a copper electrode is initiated to 
release cupric ion within the diffusion layer which, upon re-deposition, effectively 
provides a fresh layer of nitrate active copper [65]. 
An alternative approach is to prepare the electrode ex situ where the surface of the 
electrode is conditioned in a plating solution of defined composition and then transferred 
to the analysis solution [58]. In the case of a cupric ion / sulphate / chloride mixture, it 
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was found that this approach offers greater control over the morphological features of the 
deposit which, in this case, leads to a particularly active and macroporous granular 
deposit. This approach was found to retain considerable activity over a 24 h period of 
continuous use, but is more susceptible to cumulative passivation effects (adsorption of 
fulvic / humic material).  Surface activation and cleaning of electrodes to counter the 
latter have been examined through the application of 20 kHz ultrasound and could be one 
option when considering highly passivating matrices such as sewage [66].  
Indirect detection of nitrate can also be considered and mimics the colorimetric 
assays in which nitration of an aromatic compound to introduce a nitro functionality is 
the key step [67]. The latter can be electrochemically reduced at most conventional 
electrodes without the need for any elaborate modification. The measurement process is 
invariably voltammetric with a measurement profile not too dissimilar to that seen with 
direct nitrate – in that the reduction will give rise to a peak process characteristic of the 
aromatic indicator compound under investigation. In this instance, manipulation of the 
substituent functional groups within the indicator will influence the redox properties and 
hence the potential at which reduction of the assay appended nitro group will occur. This 
can often be achieved with relative ease (within a less negative potential region) and 
contrasts the large negative potentials required for the direct/catalytic reduction of the 
anion. This strategy is simply the application of the colorimetric assays but using an 
electrochemical quantitation. The limitations of the system are the same as those 
encountered with the former – principally the use of the concentrated acids to induce the 
initial derivatisation and the subsequent disposal of the test medium [67]. 
The adoption of enzyme electrodes again seeks to adapt the colorimetric format to 
one which can be read easily by the exchange of electrons at the electrode. In this case, 
however, the natural electron donator (NADH or NADPH) is replaced by an artificial 
mediator that effectively shuttles electrons between electrode and enzyme [68-74]. The 
protein coat surrounding the latter effectively prevents any direct transfer from electrode 
to enzyme redox centre and hence regeneration of the latter must be done through indirect 
means. The electrode kinetics for the regeneration of NADH are generally too slow to be 
of any electroanalytical use and hence the need for artificial electron donors. The 
underlying reaction mechanism is shown in Scheme 3-4.  
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The enzyme operation is the same as per the colorimetric system but the analytical 
signal is taken from the regeneration of the mediator that supplies electrons to the 
oxidized form of the enzyme. This is a catalytic cycle in which - the more nitrate present 
- then the rate at which the mediator is re-reduced at the electrode increases and hence the 
reductive current monitored at the electrode increases accordingly. There is a wide range 
of mediator available – with microperoxidase-11 [68,69], heterocyclic dyes [70] or 
methylviologens [71-76] being among the more commonly used. The main pre-requisites 
being that the redox chemistry is reversible and that the standard reduction potential is 
sufficiently negative to facilitate the reduction of the enzyme. There is an added caveat in 
that there is also a desire to avoid having to apply potentials that are too negative as this 
will obviously bring in to question selectivity and sensitivity issues as per the case for the 
metal based catalysis described earlier. 
In its simplest terms, the system 
outlined in Scheme 3-4 has few practical 
advantages over the colorimetric system. It 
could be promoted on the basis that it is 
independent of the matrix colour but the 
increased complexity and instrumentational 
overhead outweigh this minor advantage 
when considering simple solution based 
electrocatalysis. It could, of course, be 
possible to incorporate the enzyme within 
screen printed electrodes along with the 
mediator in a format not dissimilar to the 
glucose enzyme strips that dominate the 
sensor market as this could be a viable 
alternative in the future. An alternative 
approach would be the design of a 
reagentless, re-usable probe (similar to the 
nitrate based ISE’s). This would require 
the immobilization of both enzyme and mediator at the surface of an electrode – usually 
Scheme 3-4: Electrocatalytic determination of 
nitrate utilising nitrate reductase 
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through the use an appropriate polymer film [71-75]. Such approaches are well 
established in the development of electrochemical biosensors and while many variations 
have been demonstrated with glucose oxidase, few attempts have been made with nitrate 
reductase systems – largely as result of enzyme cost. One very pertinent example 
however, has been the use of polypyrrole [75]. In this instance, a pyrrole modified 
viologen is electropolymerized in the presence of the enzyme and results in the 
encapsulation of both mediator and enzyme at the electrode surface. The enzyme is 
retained as a consequence of its macromolecular bulk with the mediator prevented from 
leaching through the covalent attachment to the polymer backbone. Long term stability of 
such systems remains an issue and like the ISE – the complexities of their actual 
operation and maintenance may be a strong inhibitor of uptake. 
3.4. Summary 
While the ultrasound system is certainly novel from a research viewpoint, it is 
expensive, far from simple and is not readily portable. As such, it is unlikely to generate a 
substantial user base but may have application with certain niche areas.  The more simple 
and financially inexpensive voltammetric systems will obviously possess more 
commercial feasibility in that they could be further developed with a format similar to the 
technology used for glucose monitoring. The potential has already been demonstrated 
through the extrapolation of the technology to the disposable strip format and they could 
rival the portable colorimeters that are presently available – offering not simply the 
opportunity for a more unambiguous, quantitative evaluation of nitrate but the operational 
versatility that could be extended to other test parameters – depending on the nature of 
the disposable strip used. The latter is effectively the electrochemical equivalent of 
changing the vial/filter system utilized by the colorimeters. 
It could be expected that the increasing availability of nitrate reductase will 
inevitably replace the use of cadmium and the other nitration based systems for 
colorimetric test kits. The integration of the enzyme within conventional electroanalysis 
has been demonstrated and it is likely that its incorporation within the disposable strip 
format could be a feasible electrochemical strategy. The incorporation of the enzyme is 
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not without its difficulties and there is still room for alternative electrochemical 
strategies. The remainder of this chapter explores a novel approach to the determination 
of nitrate that could address some of the limitations identified in the previous sections. 
3.5. Proposed Methodology 
Two approaches were investigated: the development of a new approach to nitrate 
sensing that could be applied to a field based sensor and, second, an investigation of the 
applicability of a nanostructured deposit as a laboratory based flow injection analysis 
detector. The first investigation sought to exploit the reduction of nitrate as an initiation 
step in which the in situ deposition of copper promotes the chemical reduction of nitrate 
to nitrite. The analytical step, however, is not the current that arises from the 
electrocatalytic nitrate reduction but, rather, relies upon the re-oxidation of the 
electrogenerated nitrite. Both the reductive pre-treatment and oxidative analysis steps can 
be accomplished at the same electrode – simplifying the construction of the potential 
sensor. The basic rationale that underpins the proposed analytical methodology is 
outlined in Scheme 3.5.  
 
Scheme 3-5: Proposed 
detection pathway involving 
the electro-reduction of nitrate 
at the copper modified 
electrode (1) with subsequent 
release of cuprous ion and 
nitrite. Oxidation of either the 
Cu(I) > Cu(II) (2) or nitrite to 
nitrate (3) can  provide the 
core analytical signal. 
 
The core advantage is that it avoids the interference of dissolved oxygen which, in 
conventional electro-reduction strategies, would be reduced at the potentials applied, 
would contribute to the detection signal and it could be expected that it would severely 
limit the accuracy of a field sensor. The initial investigation therefore sought to explore 
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the mechanism promoted in Scheme 3.5 using cyclic voltammetry and to assess its 
transferability to an amperometric methodology and critically evaluate the operational 
boundaries liable to be encountered in a future sensor. In contrast, the lab based system 
exploits the deposition of copper onto an array of gold electrodes within a flow system to 
form the basis of a catalytic layer. It is anticipated that the reactive nature of the nano-
structured deposit could facilitate the electro-reduction of nitrate. The construction of the 
copperised gold detector is described and the analytical performance characterised. The 
main issues to be addressed in the investigation, however, relate to the challenges faced 
by the detector in achieving the required selectivity and sensitivity towards nitrate.  
3.6. Experimental set-up 
All reagents were of the highest grade available and used without further 
purification. Stock solutions of nitrate and nitrite (typically 10 mM) were prepared in 
0.1M sodium sulphate adjusted to pH 3 through the addition of hydrochloric acid. 
Electrochemical measurements were conducted using an Autolab PGStat computer 
controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a three electrode 
configuration consisting of either a glassy carbon working electrode (3mm diameter, 
BAS Technicol, UK) or carbon fibre laminate. Platinum wire served as the counter 
electrode with a 3 M NaCl Ag | AgCl half cell reference electrode (BAS Technicol, UK) 
completing the cell assembly. Unless otherwise specified – all measurements were 
conducted without pre-degassing with the solution temperature being 22oC ± 2oC 
throughout.  
3.6.1. Carbon Fibre Electrode Construction 
Laminated carbon fibre prototypes were prepared by thermally sandwiching carbon 
fibre sheet between sleeves of a laser etched (1 mm diameter window) resin-polyester 
lamination pouch (75 μm thick) using a commercially available laminator [78]. Electrical 
connection to the carbon film was made through the presence of a strip of copper 
shielding tape. The electrodes were baked at 100oC for 1 hour in order to ensure the 
complete permeation of the resin between the fibres within the laminate. This is 
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necessary to ensure the mechanical integrity and coherence of the seal between the 
sensing fibre layer and the insulating polyester sheath such that no solvent creep or de-
lamination would occur during the electrochemical investigations [78]. 
3.6 2. Copper-Gold Nano Deposit 
The gold electrodes were functionalised as required through the electrodeposition of 
copper. This was achieved through using a conventional equimolar copper sulphate / 
sodium sulphate (0.1 M, pH 3) plating solution as the mobile phase [66]. The appropriate 
gold electrode within the array was held at -1.0 V relative to the silver/silver chloride 
pillar electrode and the copper plating solution pumped through the detector cell at 1 
mL/min for periods up to 1 hour – depending on the thickness of the copper deposit 
required.  
3.6.3. Flow Cell Construction 
The flow cell consisted of a linear array of seven single element metal rods - one 
silver (to function as the reference electrode) and six gold (independently addressable 
working electrodes). Each road was 1mm in diameter set with a 2.5 mm spacing between 
each and carefully “pierced” through silicone tubing (1mm internal diameter) such that 
the rod passes precisely through the centre of the internal channel. Each rod acts as a 
cylindrical electrode or “pillar” that sits in the path of mobile phase – which must flow 
around. The silicone tubing would normally be considered to be self sealing but as the 
diameter of each “pillar” matches that of the internal tubing, there will be an inevitable 
pressure build up as the solution squeezes between the wall of the tubing and the metal 
pillar. This can induce leakage at the point where the electrode protrudes through the 
silicone. To counter this, the entire array was sealed with epoxy. The auxiliary/counter 
electrode was a stainless steel flow connector placed downstream of the gold pillar 
electrodes. 
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3.7. Results and Discussion 
Linear sweep voltammograms detailing the response of an unmodified glassy 
carbon (GC) electrode to increasing nitrite (100 μM additions, pH 3) are shown in the 
inset profiles within Figure 3-2. Well defined oxidation processes are observed at +0.9V 
which increase linearly with increasing nitrite concentration highlighting the ease with 
which the measurement can be accomplished. The response to nitrate (200 μM, pH 3) in 
the presence of 400 μM Cu(II) is shown in Figure 3-2.  
 
 
 
Figure 3-2: Cyclic voltammograms detailing the response of a glassy carbon electrode to 100 μM nitrate 
in the presence of Cu(II) (400 μM) in Na2SO4 electrolyte (pH 3). The electrode was subjected to a 
conditioning potential (-1V) of varying duration (0-240s). Inset: Linear sweep voltammograms comparing 
the response of the GC electrode to increasing nitrite within electrolyte adjusted to pH 3 and pH 7. Scan 
rate: 100mV/s. 
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In the absence of any cathodic pre-treatment – no oxidation process is observed at 
+0.9V. Upon imposing an initial conditioning potential of -1V to be followed by the 
“analysis” scan, the oxidation process attributed to electro-generated nitrite begins to 
emerge. Increasing the duration of the conditioning potential results in a corresponding 
increase in the nitrite produced and hence the magnitude of the oxidation process. The 
voltammetric profile would appear to confirm the reaction pathway outlined in Scheme 
3-5 - whereby reducing Cu(II) to copper leads to the subsequent reduction of nitrate to 
nitrite. The latter being detected in the following anodic scan. The influence of the 
conditioning/copper deposition duration on the response to increasing nitrite is detailed in 
Figure 3-3.  
 
Figure 3-3: Influence of deposition time and nitrate concentration on the nitrite oxidation peak magnitude 
observed at a glassy carbon electrode in pH 3 electrolyte 
 
As expected from the initial responses observed in Figure 3-2, the greater the 
duration of the electrode conditioning, the greater the magnitude of the nitrite signal. 
There is however a plateau profile in the response curves at long conditioning periods. 
This could be attributed to competitive depletion of the interfacial nitrite through a 
combination of diffusion to the bulk solution and the further reduction to ammonia [13]. 
The latter arises as a consequence of the redox duality of nitrite being both easy to 
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oxidise and reduce. This has been highlighted in previous studies in which copper was the 
used as the catalyst. The efficiency of the nitrate-nitrite electro-reduction-detection 
process was measured against the nitrite calibration data extracted from the data in 
Figure 3-2.  
The influence of pH on the electro-reduction process was also examined. The 
electro-oxidation of nitrite can be achieved with relative ease across a wide pH spectrum 
(pH 3-8) with the peak potential found to exhibit a +65 mV shift per pH unit between pH 
3 and 5 - becoming effectively independent of pH above this zone. The electrode 
responses to nitrite at pH 3 and pH 7 (dashed line) are compared in the inset within 
Figure 3-2. An interesting point to note is that upon reducing nitrate to nitrite – the nitrite 
oxidation potential is more positive when compared to the direct oxidation of nitrite 
(vertical dashed line, Figure 3-2) and is indicative of a pH shift at the electrode interface. 
While the bulk solution is pH 3, the electro-reduction process initiated at –1V will lead to 
the deposition of copper, the reduction of nitrate but also the reduction of protons. It is 
likely that the interfacial pH will increase as a consequence of the removal of protons 
through hydrogen evolution and as a consequence of the nitrate reduction (2e, 2H+) and 
hence the shift in the nitrite peak position.  This has consequences for the dynamic range 
over which the analytical method could be employed as the initial reduction process is 
dependent upon the presence of protons as per: 
 
NO3- + 2 H+ + 2 e  →   NO2- + H2O 
 
Thus, the increasing neutralisation of the interfacial zone will lead to the termination of 
the nitrate reduction process. This can be observed in Figure 3-3 at high concentrations 
of nitrate and long conditioning periods in which the response plateaus. It could be 
expected that neutral or alkaline solution would also increase the propensity of the copper 
stripping process to yield copper oxide and copper hydroxide layers. The insolubility of 
such deposits could result in a loss of active electrode area through which the oxidation of 
nitrite can occur. It also prevents repetitive measurements given the degradation in 
reproducibility through cumulative build up oxide layers.  
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The adaptation of the approach to a purely amperometric system was then 
examined. A sequential three step potential waveform was adopted to facilitate copper 
deposition/nitrate electro-reduction (-1V, 240s) and the subsequent analysis of nitrite 
(+0.9V). An intermediate step (+0.4V) was introduced to enable the stripping of residual 
copper from the electrode prior to the oxidation of the nitrite. This was to avoid the 
ambiguities associated with two Faradaic processes commencing at +0.9 V immediately 
after the electro-reduction. Chronoamperometric data relating to the response observed at 
the glassy carbon electrode towards varying nitrate (0-1 mM) in the presence of 400 μM 
copper is shown in Figure 3-4. 
Closer inspection of the 
copper stripping process at +0.4 V 
reveals an unexpected twist in that 
the current can be seen to increase 
with increasing nitrate. The electro-
generated nitrite is not oxidised at 
such low potentials (c.f. Figure 3-2). 
Had the electro-deposition of copper 
only served as a conduit for the 
electro-reduction of nitrate then it 
would have been expected that there 
would be little change in the 
amperometric profile observed at 
+0.4V step. If the nitrate was being 
chemically reduced by the copper 
with the corresponding production of 
cupric ion (corresponding to the 2e 
transformation of nitrate to nitrite) 
then it can be anticipated that the 
current would decrease in response to 
the presence of increasing nitrate as 
more copper is released. 
Figure 3-4:  Three step chronoamperometric 
responses of a glassy carbon electrode towards 
increasing nitrate concentration in the presence of 400 
μM Cu(II) 
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 However, the fact that the electrode was being maintained at -1 V would suggest 
that the majority would be re-deposited at the electrode and hence stripped at +0.4 V on 
the subsequent step. The net result would be a current profile that should be effectively 
independent of nitrate concentration. The alternative possibility is that the reduction of 
nitrate occurs through two 1e processes in which the Cu(I) ions are produced. The 
assumption being that the Cu(I) ions are not re-reduced at the electrode under the present 
conditions. Upon completing the deposition / electro-reduction step, the change to the 
+0.4V leads to an increase in the current beyond that normally expected as the interfacial 
Cu(I) is oxidised to Cu(II). This hypothesis is corroborated in the cyclic voltammograms 
shown in Figure 3-2. The Cu(I) oxidation is observed at +0.14 V and can be seen to 
increase with increasing deposition time. 
The third step, +0.9V, results in the oxidation of the electro-generated nitrite back 
to nitrate. The current profile increases with increasing nitrate and provides a linear 
response over the range 0.2 mM-1 mM (I / A = 6.97x10-7 (NO3- / mM) + 7.78x10-8, R2 = 
0.922, N = 6). As eluded to in the introduction, the core advantage is that measurement 
can be done without prior degassing of the sample. There are however a number of issues 
regarding this system. The most immediate is that fact that any endogenous nitrite will 
also be oxidised in the course of measuring the nitrate concentration. This can be 
overcome by imposing a fourth step (+0.9V) prior to commencing the three potential 
steps associated with the nitrate measurement. In doing so, the concentration of nitrite can 
be estimated and a suitable correction applied to the combined nitrate / nitrite signal. A 
second issue relates to the fact that a large positive potential is required to oxidise the 
nitrite and it could be envisaged that the application of such could induce the oxidation of 
other components within the sample (ie phenolic components of fulvic material). 
This interference however could be overcome through the exploitation of the 
Cu(I) signal. In principle, the oxidation of Cu(I) to Cu(II) at +0.4V could be used as the 
analytical signal rather than direct nitrite oxidation at +0.9V with the less positive 
potential of the former avoiding the unwanted oxidation of other matrix constituents. The 
response, in the presence of increasing nitrate, is linear (I / A = 4.46x10-7 (NO3- / mM) + 
6.92x10-8, R2 = 0.869, N = 6) and mirrors that of the direct nitrite oxidation. It could be 
argued that the ubiquity of copper ion within environmental samples may introduce some 
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interference should this analytical option be adopted. The amount of nitrite produced will 
be clearly be dependent upon the amount of copper deposited at the electrode (c.f. Figure 
3-3) – the greater the concentration of copper ion at the deposition stage – the greater the 
copper deposit and hence, in principle, the more nitrate will be reduced. The 
concentration of endogenous copper ion in such instances is invariably at a level that 
would be insignificant when compared to the copper ion deliberately added to promote 
the nitrate conversion. 
The methodology would appear to provide a number of new diagnostic handles 
through which nitrate could be measured but the experimental setup is utilised thus far is 
less than ideal in terms of transfer to a portable field device. A disposable strip design 
was proposed based on a carbon fibre – polymer composite. A scanning electron 
micrograph detailing the morphology of the carbon laminate structure is shown in Figure 
3-5.  
 
Figure 3-5: Scanning electron 
micrograph detailing the surface 
morphology of a laser etched carbon 
fibre composite sensor 
 
 
The exposed carbon fibre provides a 3-dimensional network which acts as the 
sensing surface. The fibres have been demonstrated to possess superior electrode 
characteristics when compared to the screen printed systems traditionally associated with 
decentralised testing devices [78]. The high inherent conductivity of the underlying fibre 
network being significant in the present instance where resolution of the nitrite oxidation 
(+0.9V) from solvent decomposition is required. More importantly, it was hoped that the 
fibrous mesh would reduce the diffusional path of nitrite and hence facilitate a greater 
ability to capture electro-generated anion than the planar, glassy carbon. The 
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chronoamperometric responses to increasing nitrate (0.2 -1 mM, pH 3, 400 μM Cu(II)) 
obtained at a 1mm diameter carbon fibre disc are detailed in Figure 3-6. The response 
was linear for nitrate ( I / A = 4.58x10-8 (NO3- / mM) + 1.86x10-9, N = 6, R2 = 0.923). 
 
 
 
Figure 3-6: Three step chronoamperometric responses of the carbon fibre laminate electrode towards 
increasing nitrate (0-1 mM) concentration in the presence of 400 μM Cu(II) 
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3.7.1. Nano-Structured Cu-Au Flow Detector for Nitrate 
Analysis 
The approach taken here exploits the former with the deposition of copper onto an 
“in-line” gold pillar flow detector. It is anticipated that the high surface area and reactive 
nature of the nano-structured deposit could be used as the catalyst for the electro-
reduction of nitrate. The design of the flow sensor and the basic rationale that underpins 
the proposed analytical methodology is outlined in Scheme 3-6.  
 
 
 
 
Scheme 3-6: Design of the generic gold electrode detector array 
A prime consideration in the design of the detector was that it should be capable 
of direct integration within conventional flow systems but which avoids the expense and 
complexities associated with traditional chromatographic approaches to monitoring the 
anion..  
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Nitrite was chosen as the principal model analyte through which to test the initial 
operation of the flow sensors. This is was partly due to its close association with nitrate 
chemistry – in terms of environmental significance and analytical detection. It was 
chosen partly as a consequence of the fact that it provides a more facile electrochemical 
behaviour than nitrate. This is borne out in the cyclic voltammograms of nitrite at a gold 
electrode in pH 3 electrolyte detailed in Figure 3-7. Well defined oxidation processes can 
be observed at +0.85V which increase linearly with increasing nitrite concentration (100 
μM additions). The response of the gold FIA system to nitrite was first optimised by 
examining the hydrodynamic peak response at various detection potentials. The results 
are summarised in Figure 3-7 whereby it can be seen that the peak response plateaus 
after +0.85V which is consistent with the cycli
 
c voltammograms detailed in Figure 3-7. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3-7: Cyclic voltammograms detailing the response of a gold disk electrode to 
100 µM nitrite (pH 3). Scan rate 100mV/s. 
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The typical peak response obtained at the 
gold FIA electrode operating at +0.9V is 
shown in the inset within Figure 3-8. A 
linear response to various injections of 
nitrite (0-1 mM) was observed which 
confirms the operational viability of the 
prototype flow system. Obtaining a 
response to nitrate however is 
significantly more challenging. Cyclic 
voltammograms detailing the response of 
a gold electrode to increasing 
concentration of nitrate (0-500 μM, pH 
3), are shown in Figure 3-9 
 
 
 
  
 
Figure 3-8: Influence of applied detection potential 
on the peak response  to injections of nitrite (0.5mM) 
at the unmodified gold FIA  detector. Inset. Typical 
response obtained at +0.9V 
It is clear that there is little change in the 
voltammetric profile upon the addition of the 
anion and contrast to response to nitrite. In 
order to elicit a response to nitrate – it is 
necessary to modify the gold electrode within 
the array with a catalytic layer that will 
facilitate the reduction of nitrate. This was 
done through the in situ plating of the gold 
electrode with copper.  
Figure 3-9: Cyclic voltammograms 
detailing the response of a gold disk 
electrode to 100 μM nitrate (pH 3). Scan 
rate 100mV/s. 
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This was achieved through simply changing the mobile phase within the flow 
system to one containing 0.05M copper sulphate [58]. This was passed through the array 
which was held at a potential of -1V. This has the effect of electro-reducing the cupric ion 
with the resulting deposition of copper directly at the electrode surface. Scanning electron 
micrographs detailing a cross section through one array which had previously modified 
with copper are shown in Figures 3-10 A-C. The deposition of copper within the flow 
channel leads to a granular, fractal like deposit which effectively coats the entire 
electrode. The coating was purposefully damaged within Figure 3-10B to expose the 
underlying gold pillar electrode. A more detailed examination of the copper micro/nano 
structure is shown in Figure 3-10C. 
 
 
 
 
Figure 3-10: Electron micrographs detailing: A) cross-section overview of the FIA detector array, B) the 
detector channel, copper deposit ad underlying pillar electrode and C) the nano-structured morphology of 
the deposit. 
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The initial response of the copper modified pillar electrode in the presence of 
electrolyte (0.1M Na2SO4 pH 3) with a detection potential of -0.8V is detailed in Figure 
3-11A. The cathodic operating potential was based on previous studies of copper induced 
electro-reduction of nitrate. A large cathodic current is immediately evident from the 
chronoamperometric profile in Figure 3-11A and relates the presence of dissolved 
oxygen within the mobile phase. The macroporous copper electrode facilitates the 
reduction of oxygen and hence that large and somewhat noise background signal. 
Degassing the mobile phase by purging with nitrogen results in the steady decrease in the 
magnitude of the background current and noise level and can attributed to the steady 
removal of the oxygen interferent. The injection of nitrate into the system leads to a well 
defined peak response – similar, though opposite, to that observed with nitrite. The 
repetitive injections of 0.6 mM nitrate are shown in Figure 3-11B. It is important to note 
that no response was observed when injecting nitrate within the unmodified gold array 
and the response observed in Figure 3-11B is attributed to the interaction of the nitrate 
with the gold deposit highlighted in Figures 3-11A-B.  
 
 
 
Figure 3-11: A) Chronoamperometric response obtained at the copper modified FIA 
detector – initially in the presence of air and with subsequent degassing. B) 
Repetitive injections of nitrate at the array after degassing. Detection Potential -0.8V 
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The need for system degassing 
is an obvious limitation in terms of 
background noise as it is clear from the 
magnitude of the peaks observed in 
Figure 3-11B that these would be 
indistinguishable from the noise level 
initially observed within the aerated 
mobile phase. There is also another 
issue that must be addressed and relates 
the potential accuracy of any 
measurements conducted using the 
system. Calibration data obtained using 
a degassed flow system are shown in 
Figure 3-12A.  
Increasing concentration of 
nitrate standards were injected and the 
peak responses observed (obtained at a 
detection potential of -0.8V). The first 
set of peaks were obtained without 
prior degassing of the standard 
solutions. The results from second set 
were obtained after degassing the 
standards. In both cases, the actual 
mobile phase was thoroughly purged of 
oxygen beforehand and subject to 
continuous nitrogen bubbling 
throughout the subsequent 
measurements.  
Figure 2-12: A) Influence of degassing of 
standard solutions on the nitrate (0.2mM 
increments, pH 3) peak response obtained at the 
copper modified detector. B) Quantitative 
comparison of aerated and degassed standard 
nitrate solution peak responses 
There is a clear discrepancy 
between the two sets of data and relate 
again to the fact that dissolved oxygen 
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within  the standards prior to injection will compromise the integrity of the measurement 
– particularly at low nitrate concentrations. A more quantitative evaluation is detailed in 
Figure 3-12B. The degassed standards provide a linear response (peak height = 4.45x10-6 
(NO3- / mM) + 3.74x10-8, N = 5, R2 = 0.997) whereas the non degassed standards exhibit 
a significant non-zero intercept and a distinct curvature of the calibration line. It can be 
anticipated that the influence of dissolved oxygen is predominant at low nitrate 
concentrations – leading to a substantial (>100%) overestimation of the nitrate content.  
3.8. Conclusions 
The implementation of the three step waveform has been shown to offer a viable 
alternative to the more conventional electro-reduction strategies and can be easily 
transferred to a disposable format. The proposed methodology is straightforward in 
contrast to the more elaborate electrode modifications that have been investigated in 
recent years; it is inexpensive in comparison with biosensing designs and the disposable 
carbon-composite sensor platform could offer a more accurate system than the semi-
quantitative colorimetric spot tests. It is also utilises a more acceptable chemical 
assembly in that it avoids the need for cadmium metal – which is the common component 
of most spot test systems targeting nitrate. 
The design of a simple gold array that can be easily incorporated with 
conventional flow systems has been described. While the response to nitrite is readily 
achieved at the bare gold, nitrate was found to require modification. This can be easily 
achieved through the in situ plating of the gold surface – by means of manipulating the 
mobile phase. The electrode system was found to respond to nitrate and provides a more 
green and accessible alternative  than the conventional use of cadmium reductor columns. 
There is however an issue over the interference from dissolved oxygen and the 
investigations have shown that considerable caution is required if the basic system 
outlined here is to be used for the rigorous quantification of nitrate with authentic 
samples. Nevertheless,  the system clearly provides a generic platform that can be 
modified and applied to the detection of analytes using both anodic and cathodic 
detection potentials. 
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Chapter 4 
 
Assessing Some Novel Approaches to Thiol Detection 
 
________________________________________________________________________ 
Abstract 
 
The versatility of using naphthoquinone as a rapid derivatising agent through which 
to trap reduced organosulfur species (RSH) was evaluated. The reaction proceeds through 
a nucleophilic addition leading to the production of the corresponding quinone-thiol 
conjugate. The quinone moiety provides a label that can be quantified using colorimetric, 
electrochemical and chromatographic means and offers a significant advantage over 
conventional thiol labelling agents. The reaction to sulfide (HS-) has also been assessed 
and a disparity in response between the detection methods observed and a possible 
reaction pathway outlined. An alternative approach involving the use of an epoxide label 
system as the basis of a new approach to monitoring thiol species relevant to animal 
welfare contexts was also assessed. The system, like the naphthoquinone label, is shown 
to be selective for thiols but, in contrast to simpler labelling systems, could offer potential 
for speciation studies. The spectroscopic and electrochemical properties are explored and 
the possible reaction mechanisms elucidated.  
 
The naphthoquinone work presented in this chapter has been accepted for publication 
within the Journal of Biochemical and Biophysical Methods and the industrial aspects 
considered within the Journal of Hazardous Materials. The epoxide label was presented 
in Electrochemistry Communications 
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4.1. Introduction 
  
Reduced thiols (RSH) have many roles in nature and can have a Jekyll and Hyde 
personality in which they are protective to the body’s processes on the one hand but can 
be deleterious in another. Glutathione is a tripeptide in which the central residue contains 
an SH functional group. This molecule serves as a potent cellular defence mechanism and 
is responsible for mopping up free radicals before they can do damage to the cellular 
machinery that is necessary for wellbeing. Homocysteine, is another biologically 
significant thiol but, rather than being protective, it has been speculated that it possesses a 
more malign role in which high concentrations have been associated with the onset of 
cardiovascular diseases. There are numerous other contrasting and contradictory 
examples of RSH function covering biomedical, environmental and industrial 
processes[1-6].  
It is therefore little surprise that there is considerable interest in being able to 
monitor these compounds but their determination is problematic from both conventional 
spectroscopic and electrochemical perspectives. The thiols lack any well defined 
chromophore and are largely invisible to most direct uv or colorimetric assays. The 
electrochemistry is little better exhibiting slow electron transfer kinetics which leads to 
poor sensitivity and large detection potentials that can induce interference from other 
matrix constituents. The present chapter has sought to investigate two approaches that 
could counter both issues in a single step through labelling the thiol with a functional 
group that is highly visible to both spectroscopic and electrochemical detection. Two 
separate contexts are investigated – the first examines thiols from a industrial / 
environmental perspective, the second from a veterinary view on oxidative stress 
processes. Central to both sections is the need for rapid detection.  
4.1.1. Environmental Analysis  
Reduced sulfur compounds (RSH) are routinely found in a wide spectrum of 
effluents resulting from various industrial processes – particularly those associated with 
paper pulp and petroleum feedstock [1-4]. Their presence within such fluids and the 
Chapter 4 : Assessing Novel Approaches to Thiol Detection                         86    
       
associated effluent presents an obvious environmental risk to ecosystems but also a 
considerable occupational hazard to those involved in handling such material both pre 
and post discharge[5,6]. While they tend to be characterised by particularly noxious 
odours – cumulative de-sensitisation of those workers directly exposed will inevitably 
compromise the perception of the latent hazard possessed by the effluent. There is a clear 
need to able to characterise the sulfur composition in a more robust and quantitative 
process. Much effort has been expended in the development of technologies to monitor 
hydrogen sulfide [6-9] but little attention has been paid to other reduced sulfur 
components that can arise in the processing liquors. Such measurements can be 
problematic due to selectivity issues and the inherent reactivity of the reduced sulfur 
functionality where delays in sampling can lead to significant degradation in the more 
reactive moieties.  The approach taken herein has sought to investigate the efficacy of 
labelling the latter – effectively trapping and thereby preserving the compound prior to 
analysis such that more accurate assessments of hazard could be made and false negatives 
minimised.  
 Numerous chemical derivatisation strategies have been developed that target the 
sulfhydryl (RSH) group and the more common reagents are summarised in Table 4-1.  
 
 
 
 
 
 
 
Table 4-1: Common thiol labels and detection methodology 
 
These have been reviewed and the various aspects of their chemistry has been discussed 
elsewhere [10]. The key points however are that they can vary widely in their ease of use, 
selectivity, expense and, in many cases, are designed for use in more specialised 
biochemical applications. The reaction of quinones with reduced sulfur functionalities are 
well established within synthetic contexts [11, 12]. The analytical exploitation of the 
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reaction as a possible label however has only recently been investigated and has been 
used for the detection of sulfide and various thiols of biomedical significance (principally 
cysteine, glutathione and albumin)[13-15]. The potential merits posed by the quinone 
label over the others outlined in Table 1 lies in the fact that it imparts a versatile 
functionality to the target that can serve as a chromophore and as a redox centre and, as 
such, is of considerable flexibility for spectroscopic or electrochemical detection. This is 
particularly true for the determination of alkyl sulfides which would otherwise be largely 
invisible to either methodology. 
 The approach advocated here has been to exploit the reaction of naphthoquinone 
(NQ) with reactive sulfur species (detailed in Scheme 4-1) to provide a liquid 
chromatographic label capable of either uv/vis or electrochemical detection. The basic 
reaction usually proceeds through a conventional 1,4-nucleophilic addition mechanistic 
pathway [11,12].  
 
 
 
 
 
 
 
 
 
 
Scheme 4-1: Quinone labelling pathway and thiol derivatives prepared   
 
The outcome is the covalent bond formation between quinone (I) and reduced 
thiol leading to the corresponding reduced form of the quinone-thiol conjugate (II) which, 
through a combination of intermolecular redox transition and aerobic oxidation, will be 
readily converted to the oxidised form (III). The potential benefits associated with the use 
of NQ relate to the fact that it is readily available, inexpensive, stable and soluble in both 
aqueous as well as non protic solvents. The investigation focused on elucidating the 
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nature of the reaction between label and target within a predominantly aqueous effluent 
environment and to explore the boundaries that define its applicability. As such, a 
number of novel quinone-thiol conjugates were prepared (Scheme 4-1) to serve as model 
reagents for the fundamental studies and the subsequent analytical assessment. A key aim 
was to develop a simple assay system that could be used for the speciation of a range of 
functionally disparate thiol targets and hence proffer a generic detection protocol for use 
in chromatographic detection.  
4.1.2. Veterinary Diagnostics 
Assessing animal welfare has risen to considerable importance in recent years 
given increasing public, media and regulatory concerns. Obtaining unambiguous 
measures of maltreatment however is contentious and, barring the presence of gross 
physical injury, can be highly subjective[16,17]. Cortisol measurements have been the 
main biochemical measure of “stress” but there are many limitations to their use and 
interpretation and there is a need for an alternative or a complementary system that could 
be used to monitor molecular level insults to the animal wellbeing[18,19]. Glutathione 
has emerged as a potential candidate given its application in the study of numerous 
human clinical conditions [20,21] and it could be anticipated that the underlying 
biochemical similarities would allow its extrapolation to animal contexts [22,23]. The 
approach taken in this instance is similar to that described above but rather than using 
quinones – a new class of label is exploited which results in the production of a quinone 
moiety. The central aim here was this new class of molecular label as potential 
contenders and elucidate the underlying reaction mechanisms involved in the detection 
processes. 
The proposed system is based on an epoxide label which selectively reacts with the 
target thiol to yield a conjugate with unique spectroscopic and electrochemical properties 
(the quinone). The basic process is highlighted in Scheme 4-2. In contrast to previous 
studies involving quinone moieties, in the absence of the target thiol - the native indicator 
does not possess any native electrochemistry as the quinone component has been 
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removed by the presence of the epoxide functionality. Upon reaction with the target, a 
number of options can arise [24-26] and it is the objectives of the current investigation to 
identify those that predominate, assess selectivity and evaluate the use of the label as a 
quantitative measure of glutathione relative to conventional lab based procedures. A 
critical appraisal of its potential for being harnessed as the basis of a field test is also 
provided. 
 
 
Scheme 4-2: Possible epoxide derivatisation pathways 
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4.2. Experimental Details 
4.2.1. Methods and Materials 
Electrochemical measurements were conducted using a μAutolab type III 
computer controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a three 
electrode configuration consisting of a glassy carbon working electrode (3mm diameter, 
BAS Technicol, UK), a platinum wire counter electrode and a 3 M NaCl Ag | AgCl half 
cell reference electrode (BAS Technicol, UK).  All measurements were done under 
nitrogen. NMR spectra were measured on a JEOL ECX 400 MHz spectrometer.  
Chemical shifts are reported in parts per million (ppm) downfield from tetramethysilane 
(TMS).  Mass spectra were recorded on a Micromass Platform LC-ESI-MS and a 
Micromass Quattro II.  Flash chromatography was performed on 40–63 silica gel 
(Merck).  All chemicals and solvents were bought from either Acros Organics or Sigma 
Aldrich and used without further purification. Chromatographic analysis was carried out 
in isocratic mode with an Agilent 1100 series HPLC system. An ODS 150 × 4.6 mm 
Sphereclone 3μm  column (Phenomenex) was used throughout with a mobile phase 
consisting of 65/35 methanol / phosphate buffer (0.1 M, pH 7) at a flow rate of 1  mL / 
min. The detection wavelength in all cases was 250 nm. The concentration of total 
reduced thiols within horse saliva was obtained from a thoroughbred mare (14.5 years 
old) using commercial buccal type swabs before and after exercise. The analysis was 
performed using a conventional Ellman’s assay procedure [15]. 
4.2.2. Chemical Syntheses  
All the organic syntesis presented in this chapter was entired done by Dr Rob Smith  
2-(Isopropylthio)-1,4-naphthoquinone  (IV) 
To a stirred solution of 1,4-naphthoquinone (1.58g, 10 mmol) in ethanol (40 mL) is 
added 2-propanethiol (0.93 mL, 10 mmol).  The solution was stirred for 4 hours at room 
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temperature.  The reaction mixture was taken to dryness under reduced pressure and the 
crude product purified by column chromatography using silica gel as adsorbent and 
chloroform as eluent.  The pure product dried in vacuo to yield 2-(isopropylthio)-1,4-
naphthoquinone (0.91g, 39.2%) as a brown solid.  
 
1H NMR (d-CDCl3) δ 1.44 (s, 6H), 3.35-3.39 (m, 1H), 6.64 (s, 1H), 7.74 – 7.80 (m, 2H), 8.06 – 8.09 (m, 
2H); 13C NMR (d-CDCl3) δ 22.05, 34.49, 118.72, 126.43, 126.83, 127.41, 131.93, 133.20, 134.23, 154.45, 
181.62, 182.27; CI-MS (m/z) 233 [M – H]+.  
 
2-Propylthio-1,4-naphthoquinone (V) & 2-Butylthio-1,4-naphthoquinone (VI) 
 
To a solution of 1,4-naphthoquinone (1.58g, 10 mmol) in ethanol (40 mL) is added either 
1-propanethiol (0.90 mL, 10 mmol) or 1-butanethiol (1.07 mL, 10 mmol).  The solution 
was refluxed at 100OC for 4 hours.  The reaction mixture was poured into ice and filtered 
to leave a brown solid.  This was recrystallised from boiling methanol with activated 
charcoal to yield 2-propylthio-1,4-naphthoquinone (0.51g, 22%) as orange crystals or 2-
butyl-1,4-naphthoquinone (0.53g, 21.5%) as yellow crystals. 
  
2-Propylthio-1,4-naphthoquinone 
1H NMR (d-CDCl3) δ 1.08 – 1.12 (t, 3H), 1.77 – 1.81 (m, 2H), 2.79 – 2.82 (t, 2H), 6.59 (s, 1H), 7.69 – 7.73 
(m, 2H), 8.06 – 8.08 (m, 2H); 13C NMR (d-CDCl3) δ 13.62, 20.82, 32.50, 126.45, 126.79, 126.91, 131.85, 
132.12, 133.18, 134.24, 155.23, 181.51, 182.10; ESI-MS (m/z) 233 [M + H]+.  
 
2-Butylthio-1,4-naphthoquinone 
1H NMR (d-CDCl3) δ 0.94 – 0.98 (t, 3H), 1.50 – 1.52 (m, 2H), 1.72 – 1.76 (m, 2H) 2.79 – 2.83 (t, 2H), 6.58 
(s, 1H), 7.68 – 7.72 (m, 2H), 8.04 – 8.06 (m, 2H); 13C NMR (d-CDCl3) δ 13.50, 22.14, 29.26, 30.29, 
126.42, 126.76, 126.89, 131.83, 132.11, 133.15, 134.20, 155.23, 181.44, 182.05; ESI-MS (m/z) 247 [M + 
H]+.  
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(1,4-naphthoquinone-2-yl)-mercaptopropionic acid  (VII) 
 
A solution of 1,4-naphthoquinone (1.58g, 10 mmol) was in ethanol (40 mL) warmed until 
a clear yellow solution was obtained.  3-Mercaptopropionic acid (0.90 mL, 10  mmol) 
was added to the warm solution and the reaction proceeded with stirring for 4 hours at 
room temperature.  The solution was removed under reduced pressure to leave a brown 
solid.  Ethanol (20 mL) was added to the solution with hexane (100 mL) and the solution 
was placed in the fridge overnight.  The reaction mixture was stirred at room temperature 
for 1 hour then filtered to yield (1,4-naphthoquinone-2-yl)-mercaptopropionic acid 
(1.98g, 75.5%) as yellow crystals. 
  
1H NMR (d6-DMSO) δ 2.65 – 2.69 (t, 2H), 3.11 – 3.12 (t, 2H), 6.77 (s, 1H), 7.81 – 7.86 (m, 2H), 7.95 – 
7.97 (m, 2H); 13C NMR (d6-DMSO) δ 24.76, 31.95, 126.03, 126.34, 127.28, 131.43, 131.68, 133.65, 
134.74, 153.40, 172.48, 180.95, 181.83; ESI-MS (m/z) 262 [M – H].  
 
2-(Phenylthio)-1,4-naphthoquinone (VIII) 
 
To a solution of 1,4-naphthoquinone (1.58g, 10 mmol) in ethanol (40 mL) is added 4-
thiophenol (1.02g, 10 mmol).  The solution was taken to 100OC with stirring for 4 hours.  
The reaction was poured into water and extracted into chloroform.  The organic layer 
removed, dried with Na2SO4, filtered and the solvent removed under reduced pressure.  
The red solid was recrystallised from ethyl acetate to yield 2-(phenylthio)-1,4-
naphthoquinone (0.65g, 24.7%) as red cubic crystals.  
 
1H NMR (d6-DMSO) δ 5.86 (s, 1H), 7.61 – 7.63 (m, 6H), 7.84 – 7.86 (m, 2H), 7.87 – 7.91 (d, 1H), 8.03 – 
8.06 (d, 1H); 13C NMR (d6-DMSO) δ 126.07, 126.45, 126.91, 127.54, 130.60, 130.77, 131.30, 131.60, 
133.88, 134.86, 135.49, 155.54, 181.13, 181.55; CI-MS (m/z) 266 [M – H].  
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2-[(4-Methylphenyl)thio]-1,4-naphthoquinone  (IX) 
 
To a solution of 1,4-naphthoquinone (1.58g, 10 mmol) in ethanol (40 mL) is added 4-
thiocresol (1.26g, 10 mmol).  The solution was taken to 100OC with stirring for 4 hours. 
The reaction mixture was taken to dryness under reduced pressure and the crude product 
purified by column chromatography using silica gel as adsorbent and chloroform as 
eluent.  The pure product was dried in vacuo to yield of 2-[(4-methylphenyl)thio]-1,4-
naphthaquinone (1.60g, 57.1%) as a brown solid.  
 
1H NMR (d-CDCl3) δ 2.79 (s, 3H), 6.47 (s, 1H), 7.65 – 7.67 (d, 2H), 7.76 – 7.78 (d, 2H) 8.06 – 8.08 (m, 
2H), 8.36 – 8.38 (d, 1H), 8.47 – 8.49 (d, 1H); 13C NMR (d-CDCl3) δ 21.49, 123.79, 126.59, 126.89, 128.19, 
128.57, 129.87, 131.27, 131.84, 132.33, 133.39, 134.41, 135.66, 157.17, 182.07; CI-MS (m/z) 280 [M – H].  
 
2-(2-Naphthylthio)-1,4-naphthoquinone  (X) 
 
To a solution of 1,4-naphthoquinone (1.58g, 10 mmol) in ethanol (40 mL) is added 2-
naphthalenethiol (1.60g, 10 mmol).  The solution was taken to 100OC with stirring for 4 
hours.  The solution was evaporated to dryness under reduced pressure and recrystallised 
from ethyl acetate and hexane with activated charcoal to yield 2-(2-naphthylthio)-1,4-
naphthoquinone (2.02g, 64%) as orange shards. 
 
1H NMR (d-CDCl3) δ 6.13 (s, 1H,), 7.50 – 7.76 (m, 5H), 7,84 – 8.03 (m, 4H), 8.11 (s, 1H), 8.14 – 8.17 (m, 
1H); 13C NMR (d-CDCl3) δ 124.41, 126.52, 126.84, 127.09, 127.87, 127.91, 127.95, 128.37, 130.24, 
131.01, 131.71, 132.22, 133.32, 133.72, 133.96, 134.35, 136.17, 156.63, 181.88, 182.10; CI-MS (m/z) 316 
[M – H].  
 
(1,4-Naphthoquinone-2,3-yl)-dimercaptopropionic acid  (XI) 
 
To a solution of (1,4-naphthoquinone-2-yl)-mercaptopropionic acid (0.80g, 3 mmol) in 
ethanol (20 mL) heated with 3-mercaptopropionic acid (0.90 mL, 10 mmol) at reflux for 
2 hour until the solution was clear brown. The solution was allowed to cool to room 
temperature and a brown liquid was observed with no precipitation.  The solution was 
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removed under reduced pressure to leave a brown solid.  Ethanol (20 mL) was added to 
the solution with hexane (100 mL) and the solution was stirred overnight.  The reaction 
mixture was filtered to yield 3,3'-(1,4-dihydro-1,4-dioxo-2,3-naphthylenedithio)di-
propionic acid (0.48g, 42.8%) as a yellow powder.   
 
1H NMR (d6-DMSO) δ 2.65 – 2.69 (t, 2H), 3.11 – 3.12 (t, 2H), 6.77 (s, 1H), 7.81 – 7.86 (m, 2H), 7.95 – 
7.97 (m, 2H); 13C NMR (d6-DMSO) δ 24.76, 31.95, 126.03, 126.34, 127.28, 131.43, 131.68, 133.65, 
134.74, 153.40, 172.48, 180.95, 181.83; ESI-MS (m/z) 366 [M – H]+  
 
 
2,3-Epoxy-1,4-naphthoquinone (Scheme 4-3 I) 
 
Into a boiling tube (A) was placed 1,4-naphthoquinone (0.91 g, 5.8 mmol) and ethanol 
(10 mL) and the tube was heated until all the yellow solid dissolved.  Into a second 
boiling tube (B) was added sodium carbonate (0.2 g), distilled water (5 mL) and cold 
30% hydrogen peroxide (2 mL).  Boiling tube A was placed under a cold tap until very 
slight crystallization occurred, then boiling tube B was added to A all in one go.  With 
swirling boiling tube A was cooled in ice water which produced a white solid.  The white 
solid was filtered using suction filtration and the solid was washed with water (3 x 10 ml) 
and air dried to yield 2,3-epoxy-1,4-naphthoquinone (0.39 g, 39%) as white crystals.   
 
1H NMR δ: 4.01 (s, 2H, C-H) 7.99–7.95 (m, 2H, Ar-H) 7.77–7.73 (m, 2H, Ar-H); 13C NMR δ: 55.10, 
127.02, 131.65, 134.57, 190.59. LCMS – ESI (m-z) 174 [M-H] 
 
2, 3-Epoxy-2-methyl-1,4-naphthoquinone 
 
Into a boiling tube (A) was placed 2-methyl-1,4-naphthoquinone (1.0 g, 5.8 mmol) and 
ethanol (10 mL) and the tube was heated until all the yellow solid dissolved.  Into a 
second boiling tube (B) was added sodium carbonate (0.2 g), distilled water (5 mL) and 
cold 30% hydrogen peroxide (2 mL).  Boiling tube A was placed under a cold tap until 
very slight crystallization occurred, then boiling tube B was added to A all in one go.  
With swirling boiling tube A was cooled in ice water which produced a white solid.  The 
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white solid was filtered using suction filtration and the solid was washed with water (3 x 
10 ml) and air dried to yield 2,3-epoxy-2-methyl-1,4-naphthoquinone (0.96 g, 88%) as 
white crystals.  
 1H NMR δ: 1.78 (s, 3H, CH3), 3.90 (s, 1H, C-H), 7.75 - 8.07 (m, 4H, Ar-H).  13C NMR δ: 14.75, 61.40, 
61.48, 126.88, 127.50, 132.01, 132.12, 134.47, 134.64, 191.84, 192.00. LCMS – ESI (m-z) 188 [M-H]  
4.3. Results and Discussion 
4.3.1 Evaluation of a Quinone Labelling Strategy 
The spectroscopic profile of NQ (58 μM, pH 7) is detailed in Figure 4-1. Upon 
the introduction of a reduced thiol – a new absorption process typically emerges at 425 
nm and corresponds to the formation of the conjugate indicated in Scheme 4-1. This 
process is exemplified in Figure 4-1 
through the use of mercaptopropionic 
acid (14 μM additions) which although 
lacking a native chromophore, is easily 
identifiable subsequent to reaction 
with NQ. Mercaptopropionic acid 
(MPA) can arise through numerous 
chemical and biochemical pathways 
and is often the prominent thiol within 
pore water and organic rich sediments 
where anoxic environments 
predominate[27-29]. As such, it been 
used as the principal model thiol 
throughout the subsequent 
experiments. The identity of the 
conjugate was initially corroborated 
through comparing the synthetically 
Figure 4-1: Absorption spectra detailing the reaction of 
54 μM naphthoquinone (NQ) with increasing additions 
of mercaptopropionic acid (MPA, 14 μM). Inset: 
comparison of assay products with the spectra from 
synthetic mono and di-thiol conjugates. 
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produced mono and di-thiol conjugate absorption spectra (inset diagram, Figure 4-1) 
with that resulting from the assay.  
The spectral profiles of the monothiol conjugate and assay mixture are in close 
agreement and it would suggest that the predominant product is indeed the former. 
Similar responses were recorded for the other thiols but, while it is clear that the use of 
NQ provides a quick and simple approach to attaching a visible label to otherwise 
invisible targets, there are a number of significant limitations. The sensitivity of the NQ-
S-conjugate chromophore is relatively weak (2586 L mol-1 cm-1) especially when 
compared with the commercially available ligands such as Ellman’s reagent (~13,000 L 
mol-1 cm-1) [15,30] found in Table 4-1. The peak process also lies within a spectral 
region (λmax 425 nm) that is liable to be obscured, at least to some extent, by the 
coloured nature of the sample – whether natural or effluent.  The common peak process 
also prevents direct speciation of the various 
components. 
The great flexibility of NQ however 
means that it is also possible to interrogate the 
system using electrochemical techniques. This is 
where the system offers potential advantages 
over the predominantly spectroscopic systems 
detailed in Table 4-1. Cyclic voltammograms 
detailing the response of a conventional glassy 
carbon electrode to NQ (0.45 mM, pH 7) in the 
presence of increasing additions of MPA (90 
μM) are shown in Figure 4-2. The reduction of 
the quinone is observed as a sharp peak at -0.2V 
with the corresponding oxidation at -0.1V. Upon 
the addition of the MPA to the solution, the 
magnitude of the NQ reduction process 
diminishes and a second peak process emerges 
at -0.25V. The latter corresponds to the 
cumulative formation of the conjugate. 
Figure 4-2: Cyclic voltammograms 
detailing the response of 0.45 mM 
naphthoquinone (NQ) to increasing 
additions of mercaptopropionic acid 
(MPA, 90 μM) in pH 7. The response to 
the synthetic mono-thiol analogue is 
included for comparison (dashed line). 
Scan Rate : 0.1V/s. 
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Confirmation of the latter was again provided by comparing the voltammetric response of 
the assay product to the purely synthetic conjugate (dotted line) where it can be seen that 
the peak positions are essentially identical. The main problem in attempting to exploit the 
reaction as an electroanalytical method for quantifying thiols within real samples 
however relates to the poor voltammetric resolution between the NQ indicator and the 
resulting conjugate. As in the case with direct spectroscopic analysis, similar 
voltammetric responses were obtained with the different thiols with only minor shifts in 
peak position (Table 4-2) compromising the prospect of speciation. It could however 
provide a simple method of measuring total reduced thiol content.  
 
Table 4-2: Retention times (tR) of the NQ-S-R derivatives 
 
The NQ label clearly provides a versatile handle for both spectroscopic and 
electrochemical investigation but their scope is somewhat limited for the direct detection 
and identification of thiols in complex media. The true value of the NQ label is liable to 
lie in its incorporation within liquid chromatographic systems whereby column resolution 
of the various thiols can be complimented by post column detection that exploits either 
the NQ chromophore or its redox centre properties. The chromatographic profile detailing 
the reaction of MPA (32 μM) with NQ (0.8 mM) to yield the conjugate NQ-S-MPA is 
shown in Figure 4-3. A linear response was obtained with increasing concentrations of 
MPA (peak area = 21484 [MPA / mol L-1] - 29.68; N = 6; R2 = 0.994). The identity of the 
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peak was again confirmed by examining the response to the synthetic NQ-S-MPA 
conjugate (82 μM, dotted line).  
A small, transient peak was 
observed at 2.2 mins in Figure 4-3 and 
has some significance in the elucidation 
of the reaction pathway. The peak is 
attributed to the formation of reduced 
naphthoquinone (naphthol, NQH2) and 
arises as an intermediate in the 
conversion of the initial, reduced, 
conjugate to the more stable oxidised 
form (Scheme 4-1, II→III). This was 
again confirmed by comparison with 
commercially available p-naphthol 
(Sigma Aldrich). In the presence of 
excess NQ, the predominant product is 
the single substituted conjugate. It must 
be noted that while di-substitution is 
possible, it is likely that the kinetics of 
formation are significantly slower as a 
consequence of the steric hindrance 
imposed by the initial derivatisation. There is a second influence on the nature of the 
substitution which leads on from the previous identification of reduced NQH2 moieties 
within the assay. The initial reaction with the sulfur nucleophile results in the formation 
of the reduced form of the conjugate (Scheme 4-1, II). This is unreactive towards further 
addition until it is re-converted back to the oxidised form (Scheme 4-1, III) through 
interaction with dissolved oxygen or NQ electron acceptors. Excess NQ should therefore 
have a scavenging effect on the target thiol minimising the occurrence of a multi-product 
distribution. That the di-substituent was not formed under the assay conditions was 
confirmed by the bulk preparation of the derivative and its subsequent chromatographic 
characterisation. The peak (Figure 4-3, dashed line) displays a shorter retention time than 
Figure 4-3: Chromatograms comparing the naphtho-
quinone (0.8 mM) -mercaptopropionate (32 μM) 
assay conjugates to the synthetic analogues. 
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that of the mono substituted derivative, as expected, given the greater polarity afforded 
by the additional carboxyl group. 
Similar reaction profiles were obtained for the other thiol derivatives (IV→X) 
outlined in Scheme 4-1 but each possesses a markedly different retention time in keeping 
with the nature of the individual sulfur substituents. The variation in retention 
characteristic for each derivative is highlighted in Table 4-2.  Speciation of the individual 
components is clearly possible. It can be argued that such resolution would have been 
obtained irrespective of whether or not the NQ label had been attached. The principal 
advantage of utilising NQ relates to the fact that, with the exception of the aryl 
derivatives, the majority will be invisible to conventional uv detectors.  
The assay selectivity was assessed through examining the response to a range of 
organic functionalities. The nucleophilic potential of amino groups was thought to be the 
more likely interference given that reaction of amines with quinones is well established 
and known to occur through a common reaction pathway to that outlined in Scheme 4-1 
[11,12]. Providing the solutions are neutral (or subsequently buffered to pH 7), the 
nucleophilic character of the amino group should be significantly reduced through 
protonation as the pKa for most alkyl amines lies within the range of 10-11. Aryl amines, 
in contrast, should be more of a concern as their pKa can be significantly below that of 
the sample pH. A range of amines were tested covering both alkyl and aryl moieties 
(various amino acids, imidazoles and aniline derivatives in 100 fold excess, millimolar 
concentration) but were not found to illicit any appreciable reaction under the conditions 
and the initial timescale of the investigations [31]. Prolonged standing however is 
obviously problematic allowing the possibility of gradual reaction [32, 33].  
The degree to which this could compromise the detection sensitivity of the target 
thiol will obviously depend on the nature of the interfering group and their associated 
retention characteristics. In the event of peak overlap, acidification of the solution 
directly after commencing the assay will significantly impede the reaction of both aryl 
and alkyl amino functionalities. Acidification also prevents reaction with thiols through 
the same process. It is important that the initial reaction solution is neutral and then 
acidified. The rationale is that such an approach will exploit the speed through which the 
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reduced sulfur group attacks the quinone allowing the introduction of a terminating acidic 
shot before any appreciable reaction with an amine occurs.  
As the assay is selective for the reduced sulfur nucleophile, there should, in 
principle, be a reaction with hydrogen sulfide and its dissociated anion (HS-). The 
reaction characteristics were however significantly different from that of the other thiols 
outlined in Scheme 4-1. A sequential decrease in the NQ peak was observed as expected 
yet no new peaks were observed in the chromatograms. Extending the run time to over 40 
minutes did not uncover any new peaks. The discrepancy lies not in the fact that the 
product is not being detected in the uv range but rather that the product simply does not 
reach the detector. Upon the reaction of the sulfide with the quinone – secondary 
reactions occur that lead to the formation of oligomeric or polymeric products. A possible 
reaction pathway is highlighted in Scheme 4-3. Examination of the assay solution yielded 
evidence of a precipitate which, when collected and analysed by nmr spectroscopy, 
appears to confirm the presence of oligomeric products. The simple single addition 
product is not observed. 
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Scheme 4-3: Possible reaction pathway of sulphide in the presence of 1, 4-Naphthoquinone 
 
The applicability of the overall approach was evaluated through recovery 
experiments of MPA from industrial receiving river water samples extracted from 
sources local to Nottingham. The recovery of 100 μM MPA using the HPLC NQ assay 
outlined above with detection at 250 nm yielded 96.3% (N = 5, %RSD = 5). There was 
no appreciable loss over the initial 24 hours following derivatisation effectively 
preserving the reduced sulfur components and minimising losses that would otherwise be 
attributable to air oxidation or volatilisation. 
4.3.2. Evaluation of the Epoxide Labelling Strategy 
The need for the development of on-site analysis kits or devices was highlighted 
by comparing the results obtained from equine saliva swabs sampled before and 
immediately after exercise. The swabs were divided into two batches - one batch being 
reacted with Ellman’s Reagent on site - the other transported back to the lab without pre-
treatment. The analysis was conducted using the standard Ellman’s Reagent (ER) assay 
[15,30] and the results are detailed in Table 4-3. It can be seen that there is an 
appreciable difference between pre-and post exercise swabs reacted on-site. The 
concentration of thiol obtained from the untreated swabs was not detectable – even 
though the delay between sampling and analysis was less than 3 hours. The main 
drawback of the ER system however is the need for a portable spectrometer as the low 
concentrations prevent discrimination by simple visual inspection. This could be 
prohibitively expensive if considering mainstream use and is further hampered by the fact 
that it does not discriminate between the different thiols. It was hoped that the 
spectroscopic and electrochemical properties of the various epoxide intermediates 
(Scheme 4-2) may provide an advantage in terms of selectivity and sensitivity over the 
conventional assay systems such as ER. 
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Sample Category Sample RSH/μM
1 227,5 Pre Exercise (Clean) 
2 242,9 
1 178,4 Post Exercise (Clean) 
2 158,1 
 
Table 4-3: Equine Saliva Swabs Analysed by Ellman’s Assay 
 
The spectroscopic properties of the 
system were briefly assessed through 
comparing the reaction to glutathione, 
cysteine and homocysteine. The uv-visible 
spectra relating to increasing concentrations 
of the respective thiol (0-200 μM) are 
compared in Figure 4-4. It can be seen that 
the profiles are markedly different with the 
cysteine generating a purple colour in 
contrast to the orange hues of glutathione 
and homocysteine. It is clear however from 
the cysteine profile that there are two 
distinct species (λmax1= 475 nm and λmax2 
= 610 nm) and it is likely that these reflect 
the single substituted open-ring derivative 
(similar to that attainable by glutathione at 
λmax = 455 nm) and a second which is attributed to the ring closed intermediate. The 
spectra relating to glutathione exhibit no absorbance at the higher wavelength (λmax2 = 
610 nm).  
Figure 4-4: UV-Vis spectra detailing the 
epoxide response towards the glutathione, 
cysteine and homocysteine, (200 μM, pH 7).  
Inset: Molar absorptivity data 
It is possible therefore to consider that in a mixture of the two it could be possible 
to determine the respective concentration of both systems through conventional two 
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component multi-parametric analysis. The assays were repeated with the methyl epoxide 
derivative. In contrast to the unsubstituted derivative there was no purple coloration upon 
the addition of cysteine with little difference observed in the spectroscopic profile 
between the different thiols. As such it was not investigated further. 
 
Two possible reaction routes (I-II-III-IV and I-II-V-VI) were presented Scheme 
4-2. Previous spectroscopic studies based on the reaction of naphthoquinone [12] and 
naphthoquinone bromide [33] with either glutathione or cysteine would be expected to 
lead to the production of derivatives identical to those postulated in Scheme 4-2 III and 
Scheme 4-2 IV. However, the spectroscopic profile from those reactions failed to match 
the products resulting from the epoxide-glutathione or expoxide-cysteine. There was no 
purple colouration upon the reaction of naphthoquinoe with cysteine and stands in 
marked contrast to the profile observed in Figure 4-4. In addition, the naphthoquinone-
glutathione conjugate yield a species with a λmax of 420 nm [12,33] and not the 455nm 
shown in Figure 4-4 for the epoxide sysetm. It would appear that route V-VI in Scheme 
4-2 is predominant though it must be noted that it is unlikely to be the sole process under 
the assay conditions and a competitive mixture is inevitable. That the reaction yields a 
number of products was corroborated by examining the product spread through HPLC 
analysis (not shown). While it is not possible to conclusively identify the various moieties 
– there were at least three defined products in the chromatograms irrespective of which 
thiol was used as a probe which indicates the viability of both routes.  
 
The selectivity of the epoxide system towards other physiological species was 
also assessed using the spectroscopic assay and HPLC systems and there was found to be 
no reaction to 0.2 mM lysine nor 0.2 mM histidine under the timecourse of the reaction. 
The reaction of such species with epoxides are well recognised [34] but providing the 
analysis is done within 30 minutes under ambient conditions there are no appreciable 
interferences. There was however a response to homocysteine (λmax = 475 nm) but the 
profile mirrored that of glutathione. Similarly, N-acetylcysteine (λmax = 475 nm) 
mimicked the glutathione response in deference to the purple coloration apparent with 
cysteine. This provides some additional evidence indicating that the unprotected primary 
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amino is required and that it is the extra stability inherent to the six-member ring that is 
responsible for the variation in colour. 
The molar absorptivities of the various 
components at the different wavelengths 
are compared in Table 4-4 (inset Figure 
4-4). In all cases it can seen that the 
intensity is markedly less than Ellman’s 
Reagent (ε = 13,600 L mol-1 cm-1). 
Again, visual discrimination between the 
different thiol concentrations could not be 
achieved – the main strength of the 
proposed system, from a spectroscopic 
viewpoint, clearly lies in the potential for 
instrumental speciation based on the two 
component analysis. 
 
The electrochemical properties of 
the epoxide system were investigated as 
a means of countering the intensity 
deficiencies of the spectroscopic systems 
and provides a technological solution that would be more amenable to device 
development. Cyclic voltammograms detailing the response of a glassy carbon electrode 
to cysteine and glutathione (both 178 μM) in the presence of the epoxide (455 μM, pH 7) 
are compared in Figure 4-5. In the absence of any thiol there is a single reduction at -
0.75V which corresponds to the reduction of the epoxide itself. There is an oxidation 
peak on the reverse scan indicating that the ring has been opened to yield the 
corresponding quinone. Upon the addition of thiol however a second reduction process is 
observed whose position is dependent upon the nature of the conjugate being formed. 
Figure 4-5. Cyclic voltammograms detailing the 
response of a glassy carbon electrode towards the 
epoxide epoxide (455 μM, pH 7in the presence of 
cysteine and glutathione (178 μM, pH 7). Inset: 
chronoamperometric responses to increasing 
glutathione (-0.6V in air) 
 In common with the spectroscopic results, different profiles are obtained with the 
cysteine assay yielding two reduction peak processes indicating the presence of two 
conjugates representing the ring-opened and ring-closed derivatives [35]. The glutathione 
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conjugate provides a single broad reduction process at potentials more negative than the 
initial cysteine reaction product (-0.55V vs -0.4V respectively).  
The use of simple naphthoquinones for the electrochemical detection of thiols is 
well established and possess the advantage of being relatively insensitive to common 
physiological species [12,35,36]. The main problem with developing an amperometric 
system based on naphthoquinone relates to the fact that in any true field test, the 
measurement would be done in air – re-oxidation of the quinone by dissolved oxygen in 
the sample could introduce further ambiguities through changing the relative 
concentrations of the oxidised and reduced forms. Such irreproducibility would 
effectively negate the diagnostic value. This is a common problem with applying 
potentiometric naphthoquinone based systems outwith the controlled lab environment 
[12].   
The great strength of the epoxide label relies upon the generation of the oxidised 
form with the subsequent measurement based on the reduction of an analyte that can only 
arise as a consequence of reaction with a thiol. As such, a positive signal should be 
acquired upon the introduction of the thiol. In principle, the target analyte should be 
insensitive to dissolved or ambient oxygen. The application of a measurement potential 
sufficient to reduce the oxidised form the conjugates but not the epoxide itself could 
therefore be utilised as the analytical signal. Chronoamperometric responses (Figure 4-5: 
Inset) were measured at a fixed potential of -0.6V using a glassy carbon electrode without 
degassing. The current was extracted at 20s and a linear relationship to glutathione was 
obtained (Response / A = 2.53 x 10-3 [GSH/mol L-1] + 3.94x10-8; N = 5; R2 = 0.992). 
There is a crucial assumption in the previous relationship in that glutathione is the 
predominant thiol species but, in any real sample, there would be an obvious contribution 
from the other thiol species – mono and macromolecular. It could be anticipated that 
lowering the detection potential to -0.4V would enable the selective measurement of 
cysteine as there is no appreciable signal to glutathione and as such – with further 
refinement could be used to provide a degree of speciation.  
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4.4. Conclusions 
Naphthoquinone has been shown to be a selective and highly versatile label for 
the trapping and subsequent analysis of reduced thiol functionalities. The reaction 
pathway has been investigated and the identity of the products and intermediates 
confirmed through comparison with their synthetic analogues. The assay has comparable 
detection sensitivity (sub micromolar concentrations in aqueous solution across 
spectroscopic, electrochemical and chromatographic assays) with a more elaborate 
mercuric trapping system [4] but possesses greater method flexibility, is inexpensive, 
avoids issues over reagent handling and can be conducted using conventional analytical 
systems. The analytical characteristics of the system have been critically appraised and 
the applicability of the approach demonstrated through the analysis of receiving water 
samples.  
The epoxide system investigated lays the foundation of a new approach that could 
address many of the shortcomings inherent to the simple naphthoquinone systems and 
could promote a productive avenue for the development of the technology. The epoxide 
system is especially relevant when considering application outside the controlled 
environment of the lab. The animal welfare is an obvious application as there is at 
present, a clear conflict between subjective measures that can be taken at the scene and 
objective measures that require a time delay between collection and the results being 
available. Such delays may render the investigation redundant as the slaughter of the 
animal or export may occur before the results are retrieved. An objective test that can 
provide immediate in-situ results is therefore a much-needed development in the 
monitoring of animal welfare standards.  
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Chapter 5 
A Composite Approach to Detecting Neurotransmitters and 
their Metabolites 
 
__________________________________________________________________ 
Abstract 
 
Suicide is an ever present concern in healthcare provision and with over 1 million 
fatalities attributed to this cause each year – it is a problem that is continually seeking a 
solution.  A key issue is the identification of those individuals at risk such that effective 
interventions can be employed. It has long been acknowledged that there are significant 
differences in the neurochemical picture of those suffering from suicidal ideation and 
normal individuals. Analytical techniques have been widely used to elucidate the various 
pathways involved in the neurochemistry of depression and suicide with the aim of 
developing more effective treatments. There is, however, a clear opportunity for 
exploiting the advances made in those previous investigations as the foundation for the 
development of screening assays that, through measuring the variations in neurochemical 
composition, could offer a more objective assessment of suicide risk. The present chapter 
gives an overview of the various species involved in suicidal behaviour, their significance 
to risk assessment and introduces the development of a lasered composite electrode for 
the determination of 5-hydroxyindoleacetic acid – a breakdown product of serotonin 
whose concentration has been shown to be significantly decreased in those with a 
propensity towards suicidal ideation.  
 
The work in this chapter has been accepted for publication within: 
Trends in Analytical Chemistry 
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5.1. A New Direction 
The previous chapters have introduced flow injection and liquid chromatographic 
analysis but in both cases the detection assembly relied upon on the use of conventional 
electrode materials to detect the target analyte. The latter was found to be generally 
unresponsive at the unmodified electrode surface and, as such, the detection strategy had 
to be adapted to counter either the poor selectivity or sensitivity or the combination of 
both. This involved the modification of the electrode (gold-copper nano deposit) or the 
target analyte (derivatisation with a quinone or epoxide). In a positive light it could be 
said that these options highlight the versatility of the electroanalytical system as 
demonstrated by the overview in Chapter 1. However, the complexity involved in the 
adaptation is clearly a disadvantage and could easily be taken as a barrier to adoption. 
The following chapters have sought to take the technology forward by employing 
composite technology in a form that provides a much more accessible means of obtaining 
engineered substrates that can have a high activity towards the specified target. Each 
chapter seeks to explore a generic approach but with a different context. The start of the 
composite section of the work explores a possible application for which electroanalytical 
detection could be well suited.      
5.2. Background  
Suicide is an age-old concern in healthcare provision and there has been extensive 
research in relation to the treatment of the underlying problems and many studies have 
subsequently been translated to clinical practice. Treatment, however, is usually 
instigated where the patient is either demonstrating gross symptoms or has subsequently 
failed in a suicide attempt. Identifying those at risk of progressing from, what may 
outwardly appear to be, a manageable depressive episode to deliberate self harm is much 
more problematic and is, more often than not, reliant on the observational and deductive 
experience of the General Practioner [1, 2]. The subjective element of such assessments 
can be compromised by a number of factors – the two most common being: the 
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willingness of the patient to participate in a dialogue with the GP and the time available 
in a given consultation. There has been a substantial effort to elucidate the neurochemical 
basis of depression and suicide. In the past, the aim has been largely focused on utilising 
the resulting information as the basis for developing new drug mediated treatment 
regimes; the exploitation of those same investigations as a more objective means of 
assessing suicidal risk has however recently gathered a more concerted interest within the 
biomedical community. The present chapter provides a brief overview of the 
neurochemistry that relates to suicidal intent, identifies advances that have been made in 
the analysis and detection of those neurochemical markers associated with suicidal intent. 
It critically assesses the application of a polymer-carbon composite electrode system for 
the detection of the neurotransmitter metabolites. The ultimate aim being to develop more 
accessible and accurate measurement systems capable of providing a more robust 
assessment of the potential applicability of the metabolites as indicators for suicide 
prevention.  
5.3. Suicide Statistics 
It has been estimated by the World Health Organisation (WHO) that the annual 
suicide rate exceeds 1 million in global terms but this is a relatively shallow statistic as it 
does not include attempted suicides - estimated at 20 for every fatal suicide. In 2005, in 
the United States alone (WHO Regional Statistics), there were 32,637 reported suicides 
but again this provides no indication as to unsuccessful attempts requiring medical 
assistance nor those that may go unreported. In previous years, it has been generally 
accepted that those within the more elderly section (typically 75+ yrs) of the population 
were at the highest risk of suicide accounting for 65.8 suicides per 100,000 of that cohort 
[3]. This has changed in recent years with younger people found to be at greater risk. 
According to the World Health Organisation, 55% of all suicides are now aged between 
15 to 44 years, with suicide being among the three leading causes of death for this age 
group worldwide [3]. 
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There is also a gender divide, with more males committing suicide compared to 
females. In the UK, in 2006, the suicide rate for males and females was 17.4 and 5.3 
respectively per 100,000 population. This is matched by figures from the United States 
which, in 2005, for males and females was 17.7 and 4.5 respectively per 100,000 
population. Despite these figures, women attempt suicide more often than men but the 
latter are clearly more successful. The difference in suicide rates between the genders has 
been a common theme throughout recent years but it can also vary between the various 
age groups and in regional contexts and may reflect differing socio-economic and cultural 
factors. One example highlighting such disparity can be extracted from the WHO 
statistics where Chilean males had a higher suicide rate at 75+ whereas females had a 
greater propensity to suicide between the ages 45-54. Suicide is often linked to 
psychiatric illnesses with statistics showing that up to 90% of adults who commit suicide 
had at least one recognised mental health disorder [4]. It has been estimated that 15% of 
depressives eventually commit suicide. Another important predicator of suicidal intent is 
alcohol and substance abuse where previous trends lead to an estimated 18% of 
alcoholics eventually committing suicide [5].   
5.4. Current Practice 
Structured clinical interviews in one form or another are currently used as the 
diagnostic tools used in assessing suicide risk [1, 2, 6, 7]. There are a number of different 
“Scales” but none has been universally adopted. The Suicide Ideation Scale (SIS) was 
initially based on an interviewer-patient consultation but this approach can be 
supplemented by self assessment protocols. The response integrity (comparison with the 
interviewer led questionnaires) have been validated in a number of studies and the Beck 
Scale for Suicide Ideation (BSSI) is one of the more common of this type [1,2]. It 
typically consists of 15-21-items graded in terms of increasing suicidal intensity with the 
cumulative total being used as a potential measure of the patient’s psychological profile 
(attitude, perception, behaviour and planning) with regard to suicide. It is a short term 
instrument designed to assess the propensity for a suicide act based on the patient’s 
behaviour in the past 7 days. The criteria relate to queries covering a diverse range of 
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characteristics that probe: the patients desire to die; preparation for the proposed suicide 
attempt (i.e. mode, duration, frequency) and the seriousness of the suicidal desire 
(previous attempts) [1].  
Such tests are inevitably limited by a number of factors: they are subjective and 
rely on the experience of the interviewer and the subsequent interpretation of the 
responses and, as such, they are almost invariably administered in a clinical environment 
under psychiatric supervision. The patients will, in all likelihood have been identified as a 
potential suicide risk already – either by referral by a GP or the patient having had a 
failed attempt. The development of a biochemical assay that can provide an alternative, 
though complementary, assessment is needed – particularly where it could be used as a 
screening tool by GPs prior to the use of the more, intimidating psychiatric evaluations. 
Much of the research towards this goal has been directed at various neurochemical 
pathways: serotonergic, dopaminergic, noradrenergic and the hypothalamic–pituitary – 
adrenal axis (HPA-axis). Disturbances in metabolic compositions within these pathways 
can lead to a variety of conditions – it is has been shown that there are defined variations 
between individuals suffering from suicidal ideation and healthy control groups. Given 
such variations in the biochemical pattern, it has been suggested that it could be possible 
for investigators to exploit these as a semi-quantitative test through which to evaluate 
suicide risk or at least corroborate the findings of a structured interview/assessment.  
5.5. Neurochemistry of Suicide 
Investigating the small molecule variations in cerebrospinal fluid, blood, urine 
and brain components has revealed several compounds that could be key players involved 
in the neurochemistry of suicide. The main biomarkers associated with suicide are 
monoamines, a class of small neurotransmitter, which can be further divided, depending 
on their structure, into indoleamines (Serotonin (5-HT), 5-Hydroxyindoleacetic acid 
(5HIAA)) and catecholamines (Dopamine, Epinephrine, Norepinephrine). The 
chemistries and detection methods for each neurochemical are briefly reviewed in the 
following sections.  
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5.5.1. The Serotonergic System – Serotonin and 5-
Hydoxyindole-3-acetic Acid 
Serotonin has long been implicated as a key protagonist in various mood disorders 
that can encompass impulsivity [9], eating disorders [10], alcohol addiction [11], 
aggression [12], anxiety [13], depression [14], bipolar disorders [14, 15] and suicidal 
behaviour [14-16]. While the role and significance of low serotonergic activity as a tool 
for clinical diagnosis remains contentious – particularly in the case of depression - there 
is an increasing body of evidence to support the association of the former with those 
individuals deemed to possess a higher propensity towards suicide – particularly violent 
suicide [14, 16-21]. Reductions in serotonergic activity can occur through an impaired 
release of the neurotransmitter, the expression of fewer receptor sites or the failure of the 
binding event to result in signal transduction. When serotonin is released into the synapse 
(Figure 5-1), it is inactivated mainly by reuptake into the presynaptic neuron through a 
variety of serotonin transporters (5HTT, 5HT1A, 5HT2A etc), where it is recycled [8]. 
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Figure 5-1: Serotonin release, receptor activation and reuptake 
 
These transporters are the target for a group of anti-depressants known as 
Selective Serotonin Reuptake Inhibitor’s (SSRI’s) whose action is to block the reuptake 
of serotonin from synapses into the presynaptic neuron [8,22]. These areas have been 
extensively studied and reviewed in recent years but, in this instance, our interest lies 
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predominantly with assessing the methods used to assay the concentration of the 
neurotransmitter. 
 Post-mortem studies of brain 
tissue from suicide victims has revealed 
decreased levels of serotonin 
transporters (5HTT) and/or serotonin 
receptor binding [23-27]. There are 
however some conflicting studies where 
no change in 5HTT was observed [28-
32]. There is also considerable evidence 
for serotonergic asymmetry in the brain 
and arises from studies of suicide 
victims and those who died from natural 
causes. Arató et al. [33] found a higher 
number of free binding sites (found on 
brain serotonergic neurons) in the left 
frontal cortex of suicide victims in 
contrast to findings in control subjects 
and was further corroborated by 
Demeter et al.([34] and Arató et al [35]. 
The majority of the clinical studies 
utilise the serotonin metabolite 5-
hydroxyindolacetic acid (5HIAA) as an 
indirect measure of the serotonin 
activity or the ratio of 5HT/5HIAA as 
guide to serotonin turnover. The basic 
reaction pathways through which 
serotonin arises, is metabolised and 
5HIAA produced are detailed in Figure 
5-2.  
Figure 5-2: Reaction pathway for serotonin and 5-
HIAA 
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The most common approach has been to exploit cerebral spinal fluid (CSF) as the 
primary source of the analyte and this has been widely accepted as the principal matrix on 
the basis of a direct association between CSF-5HIAA and brain serotonin activity. 
Support for the latter has arisen primarily through the observation that CSF 5-HIAA 
correlates with many of the post mortem studies of 5HIAA in the pre-frontal cortex [36]. 
While the evidence for the correlation of low serotonergic activity with the severity of 
depression remains speculative and clearly warrants further investigation – the correlation 
with serious suicidal behaviour is more robust. Corroboration for the latter has been 
provided by a number of independent studies examining depressed patients admitted after 
a failed suicide attempt [37-40], from studies of patients possessing suicidal ideation at 
the time of admission[41,42] or a lifetime history of suicide attempt [43]. The implication 
of low CSF-5HIAA with covert anger, aggression and violent suicide has also been 
suggested [39,43]. Follow-up studies of patients with a history of suicide attempts has 
revealed an association with low CSF-5HIAA and it has been suggested that the latter 
could therefore be used as a predictive diagnostic towards pathological aggression and 
further suicide attempts / relapse[44-45].  
It is important to note that many of the investigations examining neurotransmitters 
and their corresponding metabolite levels almost invariably utilise CSF but sampling is 
far from trivial and induces significant procedural complexities as well as safety and 
ethical issues. Platelet serotonin has been suggested as a peripheral biomarker and, in 
contrast to CSF, presents a much more accessible sample for diagnostic and screening 
purposes [46-47]. These have been routinely used as fundamental models for CSF 
serotonin activity as the platelets possess many of the core characteristics of the central 
serotonin neurons with common receptor and transporter protein assemblies effectively 
reflecting the CSF dynamics associated with uptake, storage and release of the 
neurotransmitter [46]. As with CSF serotonin and 5HIAA studies, investigations 
involving platelet 5HT and 5HIAA are also subject to debate but there have been a 
number of studies that again provide significant evidence for a link between suicide and 
low serotonergic activity [47]. In a recent investigation of war veterans diagnosed with 
post traumatic stress disorder (PTSD) – those assessed as a clear suicide risk or who had 
attempted suicide had a significantly lower concentration of platelet serotonin than those 
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categorised as depressed [47]. Moreover, the respective results matched those of non-
PTSD patients but evaluated as being either suicide risk or depressed. In the case of those 
placed within the suicidal category – a clear differentiation between healthy controls and 
suicidal patients (with or without PTSD) was possible but less so between the former and 
the depressed groups. This again reflects the controversy found with attempting to use 
serotonergic deficiency as a tool for depression.  
5.5.2. Dopaminergic and Noradrenergic Systems 
The other biomarkers believed to have a significant role in suicide are dopamine 
and norepinephrine (noradrenalin) / epinephrine (adrenalin). All are present in the body 
and act as both hormone and neurotransmitter. All three are synthesized from the amino 
acid L-tyrosine in an enzyme promoted cascade shown in Figure 5-3. Dopamine, 
norepinephrine and epinephrine can be inactivated in two main ways: enzyme 
deactivation or reuptake into presynaptic nerve terminals. Monoamine oxidase degrades 
dopamine and norepinephrine into their metabolites, which are homovanillic acid (HVA) 
and 3-methoxy-4-hydroxyphenylglycol (MHPG) respectively. The structure of HVA and 
MHPG are shown in Figure 5-3. 
As with Serotonin, many of the studies investigating Dopamine, HVA, 
Norepinephrine and MHPG use CSF [48,49] and, as with Serotonin / 5HIAA, the levels 
of HVA and MHPG in the CSF have provided an indirect but more manageable insight 
on dopamine and norepinephrine levels in the brain. For normal controls the typical 
concentrations are 200 nM and 40 nM for HVA and MHPG respectively  [17-18]. 
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Figure 5-3: Reaction pathway for catecholamines  
 
The role of the dopaminergic system in the pathophysiology of depression is 
supported by a number of reports that have found abnormally low central nervous system 
dopamine and HVA metabolite levels. Lower CSF concentrations of HVA has been 
found in melancholic major depressive disorders (MDD) than non-melancholic MDD 
[50]. In addition, reduced veno-arterial plasma concentrations of HVA in treatment-
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resistant depression have been found [51]. There have been a number of studies that 
report low dopamine and/or HVA levels in the serum, CSF and urine of suicidal patients. 
Lower CSF HVA was also found in 120 hospitalized suicide attempters versus healthy 
controls [52]. Lower urine HVA concentrations have also been found in suicide victims 
with significant differences between suicide attempters and non-attempters or normal 
controls but contrasts previous studies where there was little differentiation between 
alcoholics who had and had not attempted suicide [53]. In fact, Roy et al. (1989) reported 
a greater risk of attempting suicide over a 5-year follow-up in MDD patients who had low 
CSF HVA levels at baseline [54]. 
The role of noradrenlin in mood disorders became evident when patients treated 
with drugs for hypertension subsequently were diagnosed with depression and were 
found to have a significant decrease in the catecholamines within both the CNS and 
peripheral nervous system[55]. There have been numerous investigations into the 
pathways through which this can occur – examining tryptophan hydrolase and 
monoamine oxidase enzyme systems and receptor studies. As neurotransmitters, 
norepinephrine is found throughout much of the brain while epinephrine is found 
predominantly in the adrenal gland and only in small amounts in the central nervous 
system [19]. Norepinephrine is known to have an important effect on behaviour, with its 
influence on depression and suicide being the subject of numerous investigations [48,49]. 
The results of studies on norepinephrine and MHPG however have been largely 
inconsistent, with some showing no significant difference while others have showed a 
lower level of the neurochemical compared to control groups [17,18]. Individuals with 
levels of dopamine, HVA, norepinephrine and MHPG lower than age and gender 
matched controlls have however been shown to have a greater propensity to depression, 
but not suicide[56]. The inconsistency in the studies can, in part, be due to the low 
contribution that the catecholamines make to the urinary output. 
Reuptake into the presynaptic nerve is the major mode of inactivation in the CNS 
and, in common with serotonin, occurs through specific transporters. Once reuptake has 
occurred, storage vesicles take up the amine. The success of SSRI’s as antidepressants 
has led to the introduction of dual action serotonin-norepinephrine reuptake inhibitors 
(SNRI’s) [57] act upon reuptake sites across a range of transporters. It has been suggested 
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that psychiatric illness is not caused by a deficiency of one monoamine, but rather by the 
variations in the transition and interconversion of species within the monoamine systems 
and one approach has been to use monoamine metabolite ratios as an indicator for such 
relationships. One study found that HVA/5HIAA and HVA/MHPG ratios were 
significantly lower in patients who had attempted suicide compared to the control group 
[58, 59].  
There have been a host of other systems investigated [8]. Cholesterol is, perhaps, 
one of the more unusual given its dietary ubiquity and the quest to reduce its 
consumption. Interestingly, low levels of the lipid have been linked to both depression 
and suicide [60-62]. There have also been studies that have suggested links between low 
cholesterol and violent suicides [60]. Other protoganists are nitric oxide [63], and various 
hormones associated with the HPA-axis [64-66]. 
5.6. Detection Techniques 
Many of the techniques that have been used for the detection and quantification of 
neurochemicals tend to include the standard systems common to most clinical 
biochemistry laboratories and tend to rely upon HPLC and GC-MS. The former comes 
with a range of different detectors including UV, fluorescence and electrochemical 
systems. There are, however, several problems associated with detecting neurochemicals 
– the principal issue being their intrinsic low concentration within the body coupled to the 
fact that inactivation takes place quickly after their initial release degrading them into 
their metabolites (i.e. dopamine into HVA and serotonin into 5HIAA).  It is clear that, in 
order to detect such low concentrations, the technique used must be highly sensitive.  
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 Figure 5-4: Common neurotransmitter detection routes 
 
The sample requirements for each mode of detection can also be very variable. 
Sample derivatisation is necessary to convert the neurochemical into a more volatile 
compound for use with GC [67-68]. Derivatisation is often carried out with HPLC 
systems to allow the analytes to be more easily detected once separated, therefore 
increasing the sensitivity. An example of this is the use of benzylamine as a derivative to 
aid fluorescence detection [69]. While HPLC can also require some form of 
derivatisation, direct analysis is also possible (providing macromolecular material has 
been removed). The ideal HPLC technique, however, is Liquid Chromatography-Mass 
Spectrometry (LC-MS). This approach is increasingly favoured for investigative 
procedures such as reaction pathway elucidation as it provides unrivalled selectivity and 
sensitivity particularly when dealing with a complex matrix. The overall expense 
however can be problematic when considering it for routine screening purposes. There 
are several different approaches that can be used to detect the different neurochemicals – 
some of which are described in Table 5-1. The basic routes for detection are summarised 
in Figure 5-4. 
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Method Analyte Sample Detector 
 
Detection 
Limit 
ng/mL 
 
Ref  
HPLC-ECD Serotonin CSF ECD 0.3  77 
HPLC-MS 5-HIAA Urine MS 15  78 
HPLC-MS 5-HIAA Brain MS 2  75 
HPLC-ECD Dopamine CSF ECD  0.15  74 
HPLC-ECD Dopamine Brain ECD-Coul 8  80 
HPLC-ECD HVA Plasma ECD-Coul 20  42 
HPLC-ECD HVA CSF ECD 0.1  8 
HPLC Norepinephrine Brain  Fluorescence  0.001 81 
HPLC -ECD MHPG CSF ECD 0.1  76 
HPLC-MS Epinephrine Chromaffin cell MS 1.9  82 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    Where : MS = Mass Spectrometer; ECD = Amperometric Detection; ECD-Coul = Coulometric Detector  
 
Table 5-1: Detection of common neurotransmitters 
5.6.1. Direct Determination 
 
While pre-column derivatisation is typically carried out to increase the sensitivity 
[69], it is not always necessary. The intrinsic aromaticity of the neurotransmitter core 
provides a UV active chromophore (typically ~λ 250 nm) and can allow direct 
determination. Conventional UV/Vis detectors are readily available, relatively selective 
(assuming column resolution is efficient) and easy to use, however they are not as 
sensitive as other detectors [769-72]. Electrochemical detectors offer the advantage of 
having a higher sensitivity than UV-detectors and again no sample derivatisation is 
needed [70,71,73]. There are two main forms of electrochemical detection: 
Amperometric (current) and Coulometric (charge). Both of these are extremely sensitive 
and are selective for a wide range of analytes including many phenols, aromatic amines. 
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The most common method used in detecting neurotransmitters is amperometric detection 
because of the ease with which such detectors can be constructed. It detects indolic, 
phenolic and catecholic functional groups through direct oxidation at the electrode 
surface and has been used with HPLC to determine the different neurotransmitters 
present in a host of biological samples [70-81]. 
The use of LC-MS is an obvious alternative but its availability and the expertise 
required is often viewed as a limiting factor and its use for routine screening is, at the 
present, questionable as the other detectors are capable of reaching the concentrations of 
neurotransmitter or metabolite in most biofluids. Its adoption in the future is almost 
inevitable and will reflect the evolutionary upgrade path of clinical biochemistry labs. 
LC-MS offers the advantage of being the more selective and sensitive option and while 
the samples require no derivatisation, the column will often be the limiting factor and pre-
analysis preparation to remove macromolecular contaminants must still be considered 
[70].  
5.6.2. Indirect Determination – Derivatisation  
 
Fluorescence detectors have also be used with HPLC [72-70] and can offer 
increased sensitivity and selectively over the other spectroscopic and electrochemical 
methods. However, the neurotransmitters do not have any significant inherent fluorogenic 
activity and require chemical derivatisation prior to entering the column to enhance the 
signal. Derivatisation agents include naphthalene-2,3-dicarboxaldehyde (NDA) in the 
presence of a cyanide ion [82] and benzylamine either independently [72-83] or coupled 
with 1,2-diphenylethylenediamine (DPE) [84].  There are problems with some of these 
derivatives however, for example NDA does not react with secondary amines therefore 
cannot be used to detect epinephrine. In addition, NDA does not react with acidic 
catecholamines, so cannot be used to detect HVA. The structures of these derivatives and 
the corresponding preparative reaction schemes are detailed in Table 5-2. 
 
 
Chapter 5: Detecting Neurotransmitters                                                          125 
________________________________________________________________________ 
 
Reaction pathways for Fluorescent labelling Ref 
NDA with CN
CHO
CHO OH
OH
R1
NH2
N
OH
OH
R1
CN
   CN
NDA
Dopamine/Norepinephrine
Fluorescent derivative
1-cyano-2-substituted -benz[f]isoindoles (CBI)
-
 
Dopamine          R1 = H   
Norepinephrine  R1 = OH  
 
Benzylamine / DPE 
 
R1
N
H
OH
CH2NH2 O
N
N
H
R1
OH
OH
R2
NH2
R3
NH2
NH2
O
N
N
R2
R3
+
Benzylamine5-Hydroxyindoles
2-Phenyl-4,5,pyrrolobenzoxazoles
(Fluorescent derivative)
DPE
+
2-Phenyl (4,5 dihydropyrrolo)(2,3-F) benzoxazoles
Fluorescent derivative
Catecholamines
             
Serotonin            R1 = CH2CH2NH2   
5HIAA               R1 = CH2COOH 
Dopamine           R2 = H    R3 = H 
Norepinephrine  R2 = OH  R3 = HH  R3 = CH3 
 
 
 
 
 
 
 
 
 
 
85 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
67 
 
 
 
 
 
 
Table 5-2: Fluorophore derivatisation reactions 
               
Another method for detecting neurotransmitters is GC but this also requires 
derivatisation to turn the sample into a volatile compound.  
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Reaction Pathways for Gas Chromatography  
Trifluoroacetic anhydride 
O
OO
F
F
F
F
F
F FF
OH
OH
R1
NH2
H
O
CF3COO
CF3COO N
H
R2
H
H
F
F
F
R3
N
H
OH
O
OO
F
F
F
F
F
F FF R4
N
CF3COO
+
CatecholaminesTFAA
5-Hydroxyindoles
+
TFAA
TFA derivative
TFA derivative
CH3CN
 
 
Dopamine          R1 = H                     R2 = H 
Norepinephrine R1 = OH                   R2 = OCOCF3 
Serotonin           R3 = CH2CH2NH2   R4 = CH2CH2NH2 COCF3 
5HIAA              R3 = CH2COOH      R4 = CH2COOCH3 
(Note: For 5HIAA, the reaction takes place in the presence of CH2N2 and Na2SO4. 
 
Pentafluoropropionic Anhydride 
O
OO
F
F
F
F
F
F
F
F
FF
OH
OH
R1
N
COC2F5
R4
OH
OH N
H
R3
H
H
R2
O
OO
F
F
F
F
F
F
F
F
FF
R5
N
H
OH
R6
N
C2F5COO
COC2F5
+
PFPA Catecholamines PFP derivative
PFPA 5-Hydroxyindoles
PFP derivative
+
 
 
Dopamine          R1 = H    R2 = H       R3 = H            R4 = H 
Norepinephrine R1 = OH  R2 = H       R3 = COC2F3  R4 = H 
Epinephrine       R1 = OH  R2 = CH3  R3 = COC2F3  R4 = CH 3 
Serotonin           R5 = CH2CH2NH2     R6 = CH2CH2NHCO C2F5 
5HIAA              R5 = CH2COOH         R6 = CH2COOCH2C2F5 
 
Note for 5HIAA the reaction takes place in the presence of C2F5CH2OH 
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Table 5-3: GC derivatisation reactions. 
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Examples of derivatising agents include trifluoroacetic anhydride (TFAA) [67] 
and pentafluoropropionic anhydride (PFPA) [68] to produce trifluoroacetyl and 
pentafluoropropionyl derivatives respectively as indicated in Table 5-3. 
5.7. Sampling Issues 
There are a number of critical sampling issues that need to be addressed upon 
attempting to transfer the techniques to a more routine screening process. The majority of 
the samples analysed are CSF with the lumbar puncture done, under rigorous clinical 
conditions and invariably for purely research investigations. This is clearly inappropriate 
for routine testing. Blood platelets have been proposed as an alternative matrix and 
proffered as a model for central neuron functions associated with serotonin [46,47,85-88]. 
The primary advantages of this approach are that it only requires a simple venous blood 
sample which could, in principle be obtained by a trained nurse at the patients bedside, 
home or medical centre. Although the function of the platelet differs markedly from that 
of a CNS neuron, there are a number of core similarities: in terms of serotonin uptake, 
storage and release and in the expression of key enzymes and receptors [46,47,97]. 
The use of saliva measurements would be a more preferable sampling method 
given the non invasive premise. There are few studies on this aspect though it has been 
demonstrated that salivary MHPG has a high correlation with CSF MHPG [89]. The 
clinical knowledge base surrounding the platelet-CSF correlates would, at present, 
provide a more robust foundation for the development of a routine screening assay than 
the salivary measurements. However, saliva measurements hold out the opportunity for 
ease of sampling which could be a critical issue in attempting to screen uncooperative 
patients – such as those in prisons. The latter is an increasingly important issue with 
higher rates and where suicidal intent may well be disguised and thus fails to reach the 
attention of a psychological counsellor [90].  
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5.8. Review Summary 
The prevalence of suicide reinforces the need for a reliable way of assessing risk 
and thereby offer a more effective, and ideally preventative, intervention. There is clear 
evidence that malfunctions in the serotoninergic, dopaminergic and noradrenergic 
neuropathways are involved in the pathophysiology of suicide but it is also clear that the 
variations in the key chemicals are measurable. Low CSF 5HIAA has been demonstrated 
to predict suicide attempts and it has been demonstrated that CSF 5HIAA and HVA 
levels can be negatively correlated with the lethality of the suicide attempt. The 
availability of a biochemical assessment for the neurochemical family identified here 
could therefore offer a more objective view which could be used in a complementary role 
to existing psychological profiles. The shift from CSF to platelet and urine sampling is a 
case in point and while it could offers a more manageable solution and opens a window 
of opportunity for the development of a screening assay. 
There are clear ethical concerns both for the general public and incarcerated 
populations over the sole use of such a technique, however, it is unlikely that such a test, 
used in isolation, would be sufficiently robust as to provide a definitive evaluation. It is 
more likely to be employed as screening option where it could be an essential aid given 
the increasing time restraints placed upon GP consultations and could be an alert through 
which better prioritisation of the patient population could occur and more robust 
evaluations made. More importantly, it could also offer a means of assessing the 
effectiveness of subsequent treatment regimes. At present, there is a large body of 
supportive evidence to suggest that measuring the biomarkers identified here could be 
used as a first step but there have also been many conflicting studies across the 
monoamine range and reflect the heterogeneous nature of the sample population. Greater 
care in the study design but also in the analytical characterisations carried out are 
required such that reliable and informative reference ranges can be obtained before such a 
test could evolve and have clinical merit.  
The ongoing debate about the possible link between the serotonin metabolite – 5-
hydroxyindoleacetic acid (5-HIAA) - and suicidal behavior requires a more robust 
specification of reference ranges for normal and “at risk” subjects. As such, there is a 
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need for a revision of analytical techniques for the speedy, selective and sensitive 
detection of the monoamine biomarkers. A new approach to the production of a carbon 
composite electrode and its solvent free, laser ablative modification to enhance the 
performance in the detection of the neurotransmitters was proposed as an alternative and 
the remainder of the chapter focuses on the development and assessment of the 
technology.. The integration of the electrodes within conventional chromatographic 
architectures is assessed and its use in the quantification of 5-HIAA within human urine 
has been critically evaluated and found to be superior to the HPLC-UV.  
5.9. Proposed Methodology 
Different techniques have been used for the detection of these neurotransmitters 
but the majority of clinical studies rely upon chromatographic techniques. These have 
been coupled with uv [91, 92], fluorescence [93, 95] or luminescence [96] detectors but 
they are limited in terms of the need for sample derivatisation prior to analysis. This is 
due to the lack of a suitable chromophore. Electrochemical methods are arguably the best 
option offer direct analysis and avoiding the procedural complexities and additional 
errors that can arise through the sample processing and derivatisation steps [97-119]. The 
main limitation of electrochemical methods is the potential interference from other 
species present in the biological fluid which are capable of being oxidised at potentials 
similar to the target analyte. Electrode surface modification offers numerous possibilities 
through which to avoid these interferences, and to increase the sensitivity and selectivity 
of the detection [97-105].  These include some of the exogenous modifiers mentioned in 
Chapter 1 - such as polymeric coatings [97-100], metal or metal oxide particles [101,102] 
and carbon nanotubes [103-105] either to screen out the interferences [97-105] or to 
improve the electron transfer [103-105]. 
The underlying electrode material can also be directly modified to improve 
sensitivity and selectivity. Modification of carbon or carbon composite surfaces can be 
done by modifying the surface properties such as the incorporation of quinoids and acid 
groups at the surface of the carbon material by simple anodization of the electrode and 
which increases electron transfer. This can be done using chemical, thermal or 
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electrochemical methods. In the present work, laser anodisation was viewed as a more 
convenient method that is chemical free, patternable and more controllable than 
conventional wet techniques for modifying carbon based substrates [114]. The basic 
rationale has been to develop a disposable electrode detector that could be easily 
integrated within a conventional HPLC architecture as shown in Figure 5-5.  
 
 
 
 
 
 
Figure 5-5.  Design of the HPLC-ED flow system and disposable electrode 
 
 
The possibility of modifying the electrode surface using a direct and controllable 
strategy to improve the sensitivity and selectivity of the electrode toward specific 
analytes offers an alternative to current electrode modification methods used for the 
detection of neurotransmitters. Moreover, the relatively inexpensive nature of the 
electrode fabrication process advocated herein provides an option for disposability and 
counters the issues of electrode fouling that have traditionally been levied at HPLC-ED 
systems. An investigation of the applicability of the approach and characterisation of the 
material properties and electrode performance toward monoamine neurotransmitters in 
human urine as the model biological fluid was conducted. 
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5.10. Experimental Details 
5-Hydroxyindoleacetic acid and graphite powder, ascorbic acid (AA), uric acid 
(UA) dopamine (DA) and Urinary metabolite lyophilizate from human male patients 
were obtained from Sigma Aldrich. Polycarbonate granules were obtained from 
Goodfellow, and Dichloromethane (DCM), Methanol and Acetonitrile were purchased 
from Fisher Scientific. All reagents were analytical reagent grade and deionised water 
was used for all solutions. 
Electrochemical experiments were performed with an Autolab PGStat 12 
computer controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands). The three 
electrode system consisted of a carbon polymer composite electrode (CPE) as a working 
electrode, a platinum wire as a counter electrode and a silver - silver chloride wire as 
reference electrode was used in bulk analysis. HPLC experiments were conducted on an 
Agilent 1200 system with a quaternary pump and an autosampler. The injection volume 
was 10 μL. The column was an ODS(1) 3 µm diameter  (150 x 4.60 mm) (Phenomenex) . 
The mobile phase was a 97/3 of phosphate buffer (10 mM, pH = 5) - methanol 
combination which was delivered isocratically at a constant flow rate of 0.8 mL / min. 
The detection wavelength throughout was 280 nm. All experiments were performed at 
22oC +/- 2oC.  The modification of the electrode surface was conducted using a 250W 
CO2 laser (Laserex alpha CadCam Technologies, Nottingham, UK). Characterization of 
the sensor substrates was done using a  Nanite AFM (Nanosurf AG Liestal, Switzerland) 
with a Platinum/Iridium coated silicon probe (Nanoworld AG Neuchatel, Switzerland) 
and a JSM-840A JEOL Scanning electron microscope (Oxford instruments, Oxford, UK). 
5.10.1. Preparation of Modified Electrode 
The CPE was prepared by mixing graphite powder with polycarbonate granules in 
a 1.5/1 ratio respectively and dissolving the mixture in DCM. The paste was then 
deposited onto a smooth and plane surface and left to dry. The surface of the resulting 
film was then progressively etched using a CO2 laser prior to the construction of the 
sensor assembly.  The composite device was prepared by thermally sandwiching the 
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carbon-polymer film between sleeves of a commercial resin backed-polyester lamination 
pouch (75 μm thick) in which the electrode window (3 mm diam.) had been previously 
patterned. Electrical connection to the carbon-polymer film was made by the addition of a 
copper tape. The basic design of the sensor is shown in Figure 5-5 
5.11. Results and Discussion 
5.11.1. Electrode Characterisation 
Initial characterisation of the carbon-polymer composite electrode was conducted 
through examination of the surface morphology with a conductive atomic force 
microscope (CAFM). It was found that there is a difference in the conductivity between 
the upper and lower side of the composite with the lower side exhibiting a higher 
conductivity. This can be explained, in part, by a difference in the morphology of the 
sides, as it can be appreciated in Figure 5-6.  
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         Figure 5-6:  CAFM images of the polycarbonate carbon-polymer composite electrode 
 
CAFM experiments were done by David Morgan from Windsor Scientific. 
 
The upper side was found to be highly pitted – which contrasts the smooth profile 
observed in the lower (base) side. This is due to an artifact in the casting process and can 
be attributed to the evaporation of the solvent from the polymer mesh.  While the sides 
are markedly different in the initial phases of the film fabrication – they are rendered 
effectively identical in the follow up processing as the laser treatment ablates the top 
most layers.  
Scanning electron micrographs detailing the different in surface morphology 
before and after the imposition of laser ablation are shown in Figure 5-7 After treatment, 
if was found that the graphite particles were more exposed and highly fractured (with size 
distribution in the sub micro-nano region than in the micron scale observed with the 
unmodified sample). This will obviously result in an increase in the electrode surface 
area. Given that the film is effectively a mesh of non conductive polymeric binder into 
which carbon particles are impregnated, the laser removal of the interfacial polymer 
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mesh, should increase the amount of “active - carbon” electrode area (highlighted in 
Figure 5-7) and hence improve the electrochemical performance of the electrode 
 
 
 
 
             Figure 5-7:  SEM images of the carbon-polymer film electrode before and after the laser treatment. 
 
 
5.11.2. Electrochemical Behaviour of the Laser Treated 
Carbon Composite 
In order to assess the influence of laser treatment on electrode performance, the 
laser power applied to the surface modification was varied. Cyclic voltammograms 
detailing the response of the composite electrode to dopamine (1 mM, pH 7) after 5, 10 
and 15% laser ablation is shown in Fig 5-8. 
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Figure 5-8: Cyclic voltammograms of dopamine (1 mM, pH 7, Scan Rate = 0.1 V/s) at the carbon polymer 
film electrode after different laser treatments. 
 
 
 Well defined oxidation and reduction peaks were observed at +0.22V and +0.16V 
respectively after the appliance of 15% of laser power. As the power of the laser is 
increased, the response of the electrode improved in terms of peak magnitude and 
definition. It was found however that increasing the laser power beyond 15% led to a 
significant degradation in the electrode performance. This can be explained on the basis 
that as the laser power is increased, the amount of polymer that is removed is increased 
and the graphite particles will break down decreasing their size (Figure 5-7). It can be 
envisaged that excessive ablation will lead to increased fracturing – a consequence of 
which can be the over oxidation and vaporisation of the carbon particles and hence result 
in a subsequent decrease in performance through loss of “active” conductive particles.  
The laser treatment is a method of electrode anodisation [114]. The laser not only 
increases the surface area of the electrode but enhances the electron transfer by the 
incorporation of functional groups such as carboxyl and hydroxyl groups onto the 
electrode surface. Square wave voltammograms of the composite before and after the 
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laser modification in a mixture of ascorbate, dopamine and urate (1 mM, pH 7) are 
compared in Figure 5-9.  
 
 
 
Figure 5-9: Square wave voltammograms of an equimolar (1 mM pH 7) mixture of ascorbate (AA), 
dopamine (DA) and urate (UA) at the carbon paste electrode before and after the laser modification. 
 
 The major problem normally associated with the simultaneous electrochemical 
determination of these analytes tends to be the overlap of the respective signals which 
compromises their quantification. The presence of ascorbate and urate are ubiquitous 
within biological fluids and their low oxidation potential tends to be a significant 
handicap to the determination of neurotransmitters – particularly as they are both 
normally present at a far greater concentration than the target analyte. Three well defined 
and potential resolved peaks were observed with the laser ablated CPE, at -0.08 V, +0.14 
V and +0.36 V for AA, DA and UA respectively and opens up the possibility for the 
simultaneous determination of these analytes. A shift of the anodic potentials of ascorbic 
acid and uric acid was observed when compared with a conventional glassy carbon 
electrode. This catalytic behaviour can be explained by the incorporation of oxygen 
functional groups with the laser treatment and the increase in edge plane sites resulting 
from the fracturing of the carbon particles.  
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5.11.3. Determination of 5HIAA 
The next step was to incorporate the electrode into a flow cell that could be 
directly integrated within a conventional HPLC system and placed in series to the uv/vis 
detector. This dual detector arrangement allowed direct comparison in the performance of 
the respective system to a given sample injection. The flow cell shown in Figure 5-5 
consisted of a polystyrene structure with a linear channel where the mobile phase flowed 
over the working electrode surface. The working potential of the CPE detector was set to 
+0.5 V vs Ag/AgCl (0.1M KCl).   
Different concentrations of 5-HIAA were injected in the HPLC with the two 
detectors in series, the uv/vis followed by the CPE flow cell respectively. The results 
obtained are shown in Figures 5-10A and B respectively. On first inspection, both 
systems appear to be good candidates for the detection of this analyte with good linearity 
up to 100 μΜ (UV/Vis: Response/AU = 6.196 [5HIAA / µmol L-1] -9.89, R2 = 0.997, N 
=3 ; CPE: Response/A = 2x10-8 [5HIAA / µmol L-1] -3x10-8, R2 = 0.997, N = 3) 
 
 
 
A B 
 
Figure 5-10:A) Amperometric (+0.5V) and (B) spectroscopic (250 nm) response to different 
concentrations of 5-HIAA 
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5.11.4. Determination of 5-HIAA in Human Urine 
 The utilization of the laser modified carbon-polymer composite electrode for the 
determination of 5-HIAA in real samples was tested by measuring its concentration in 
urine from a male patient. Two test solutions were prepared from the original sample – 
the first was used as a blank and the second sample spiked with 50 μΜ of 5-HIAA. 
Before injection into the HPLC system, the samples were diluted with the same volume 
of Acetonitrile (0.5 mL) and centrifuged to precipitate any macromolecular species. 
Chromatographic profiles analogous to those highlighted in Figure 5-10 were obtained 
and the results summarised in Table 5-4.  
 
 
HPLC –UV HPLC-UV Detection (N=3) HPLC-EC Detection (N=3) 
Recovery 238.6% 97.98% 
Relative Standard Deviation 14.69% 0.61% 
 
Table 5-4:  Urine analysis 
 
 
The recovery values obtained with the UV detector were significantly high - 
indicating the interference of another spectrometric active species in the urine which co-
elutes with the 5-HIAA. In contrast, the use of the CPE detector (Figure 5-5) for the 
determination of 5-HIAA showed an excellent recovery and clearly superior performance 
to the direct uv detection. In “normal” subjects, the 5-HIAA urine concentration is <40 
μM/24h. Standard addition analysis of the urine sample revealed a concentration of 10.9 
μM 5-HIAA which is within the expected range.  
5.11.5. From the Lab to the Clinic 
The next step would be to develop a portable sensor capable of performing the 
measurements out with the laboratory. This could ultimately be for screening purposes at 
a clinic or GP surgery. A prototype device was investigated for the purpose and consisted 
of layers of laminating sheet possessing a capillary path was incorporated through which 
the sample could flow through by capillary action. All the electrodes were incorporated 
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into the system with the exception of the counter electrode which was placed external to 
the main laminate assembly at the exit of the capillary flow.  Chloridised silver wire was 
used as the reference electrode, the working electrode was the laser ablated 
polycarbonate. 
 
 
 
 Figure 5-11: Squarewave voltammograms obtained with the capillary sensor in 
the absence and presence of 5-HIAA.  
 
Figure 5-11 shows the response of the capillary sensor to 5-HIAA. Different 
peaks were observed possibly due to the polymerization (Scheme 5-1) of the 
neurotransmitter onto the sensor but it could be also that the neurotransmitter is absorbed 
in the ablated surface. In either case it was found that the electrode gave different 
responses depending on the level of absorption, time and previous history.  
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 Scheme 5-1: Proposed polymerisation mechanism 
 
 
Some studies were conducted but no clarification was achieved. It is clear that 
further studies need to be carried out.  
5.12. Conclusions 
 
The development of a carbon-polymer electrode system that allows the selective 
and sensitive detection of monoamine neurotransmitters has been demonstrated. The 
electrode system has been characterized and the response characteristics elucidated. The 
fabrication method advocated here is capable of both adhoc production and mass 
manufacture through the stepwise bulk laminate processing of the carbon-polycarbonate 
mixture and contrasts the steps required in Chapters 3 and 4. The inexpensive nature of 
the system renders the approach more accessible than the exogenous electrode 
modifications that are normally used to improve bare electrode responses to monoamine 
neurotransmitters previously outlined in Chapter 1. The system has been shown to be 
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capable of integration within a traditional HPLC system and exhibited a performance that 
was superior to the conventional uv detector. In principle, the electrode detector satisfies 
the initial requirement of a system that could facilitate the analysis of the analytes within 
real biofluids and hence thereby aid the establishment of more reliable reference ranges. 
This has been demonstrated through direct comparison with the uv system for the 
determination of 5-HIAA in urine. The potential portability of the sensor has been 
demonstrated but further studies are clearly needed in order to understand the interaction 
of 5-hydroxindoleacetic acid on the electrode surface and how it affects the peformance. 
Such studies are beyond the remit of the present project but the results obtained leave an 
opportunity for further investigations. 
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Chapter 6 
 
Catalytic Composites – Determination of Ascorbate 
 
________________________________________________________________________ 
 
Abstract 
 
 
The present chapter outlines the development and characterisation of a ferrocene 
composite electrode for the selective detection of ascorbic acid. The electrode 
material has been shown to be capable of use as either a discrete, reagentless sensor 
or as a detection system for use in both flow injection and liquid chromatographic 
analysis. The electrode was evaluated as a sensor for the determination of ascorbic 
acid in commercial tablets and beverages. In addition, its viability for use in more 
complex samples was assessed through the determination of ascorbic acid in human 
saliva.   
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6.1. Introduction 
Ascorbic acid (vitamin C) is one of the most important water soluble vitamins and 
plays many different roles within the body. Its antioxidant properties prevent the 
oxidation of low density lipoproteins (LDL) which are implicated in the development of 
atherosclerosis and neutralises free radicals before they can damage macromolecules such 
as proteins or DNA [1]. The attack of free radicals on the latter and its subsequent 
damage can ultimately lead to the development of cancer. Different theories have been 
proposed to explain how this antioxidant can help in the prevention or minimisation of 
the latter – the most prominent being that the ascorbate neutralises free radicals before 
they can interact with the cellular machinery responsible for cell division and repair. In 
contrast, it has been proposed that it is the pro-oxidant properties of ascorbic acid that can 
help the body to generate its own free radicals to destroy the tumours. There is as yet 
inconclusive evidence for the latter and there is much debate where some studies have 
shown that ascorbate acts as pro-oxidant when present in low amounts – others when its 
is found in excess [2]. The vitamin does however have a much more general role as a 
protective agent and is responsible for recycling other antioxidants such as glutathione 
and α-tocopherol (vitamin E). It also has a pivotal role in the regeneration / synthesis of 
collagen which is critical for wound healing. The provision of adequate amounts of the 
vitamin is clearly important and there are numerous food and health products which seek 
to use their ascorbate content (natural or additive) as a marketing aid. 
The great interest in vitamin C content from the agri-food-health sectors stems 
from the fact that humans lack the enzyme responsible for the de novo synthesis and thus 
the need for dietary provision. Fortunately, it is present in many vegetables and fruits. 
Given the increasing public interest in the health foods, supplements and nutrition – there 
is considerable demand for processes and technologies that can measure and/or monitor 
the concentration of ascorbate – within agri-food products but also within body fluids. 
The levels of ascorbic acid in the latter  (ie  blood, urine or saliva)_could, in principle, be 
used to determine the level of oxidative stress that an individual may be subject to and 
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therefore has some, albeit contentious, merit as a preventative screening tool for the onset 
of disease or illness.  
Many different techniques have been use for its determination such as 
colorimetric[3-7], electrochemical[8,9], chromatographic[10-12], chemiluminescence[13-
15] and fluorimetric[16-18]. Among them, the electrochemical techniques have the 
advantage of simplicity and low cost if compared with the spectroscopic procedures and 
avoids the need for derivatisation procedures. The main problem encountered in the 
electroanalytical detection of ascorbic acid is the interference of uric acid. Both ascorbate 
(AA) and uric acid (UA) have similar anodic potentials and the oxidation peaks 
invariably overlap [19] . One of the most promising routes through which this problem 
can be remedied is the modification of the electrode surface with polymers or metal 
complexes as indicated in Table 6-1. 
.  
Abbreviations: Glassy Carbon Electrode (GCE), Carbon fiber (CF), Single wall carbon nanototubes 
(SWCNTs), Azo Dye Direct blue(DB71), poly (3-methylthiopene) (P3MT),  Zeolite Modified Carbon 
Paste, Electrode (ZMCPE), Cobalt Hexacyanoferrate Modified Electrode (CoHCF), Poly(glutamic acid) 
(PAG), Polyethylene Glycol (PEG). Carbon Paste Electrode (CPE), Tryptophan (Try), Ascorbic Acid 
(AA), Uric Acid (UA). 
 Table 6-1: Modified electrodes for the detection of ascorbic acid 
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The most commonly used base material for electrode construction is carbon due 
to the wide potential window and the easy modification of its surface. Among carbon 
materials, carbon nanotubes have attracted considerable interest as a surface modifier and 
it has been suggested that they possess catalytic properties toward different compounds – 
or which ascorbate is one - and that they enhance electron transfer[20-21]. Other common 
modification routes include the use of metal nanoparticles or complexes which enhance 
electron transfer [28-30]. Chemical or physical anodisation of carbon surface to obtain 
carboxylic, hydroxyl and keto groups is also commonly used to enhance electron transfer. 
Recently it has been reported that hydroquinone compounds have been used for the 
electrocatalysis of ascorbic acid, by the use of 2,2’-[3,6-dioxa-1,8-
octanedylbis(nitroethylidyne)-bis-hydroquinone to build a carbon paste electrode[37]. 
The present work builds on the approach of the previous chapter and the hydroquinone-
paste system outlined by (Beitollahi1 et a, 2008). Instead of using a paste electrode, the 
work involved the construction of a polymeric matrix (polycarbonate) in which ferrocene 
was incorporated. It sought to develop an alternative to the paste system but in a format 
that could be more easily accommodated within either a distinct probe type sensor or for 
flow injection (FIA) or chromatographic (LC) analysis systems. 
6.2. Experimental Details 
6.2.1. Chemical and materials 
All reagents were of the highest grade available and used without further 
purification. Redoxon and commercial Vitamin C tablets were purchased from Bayer. 
Rose-hip tea was made from R. rugosa collected from the field. Working solutions were 
prepared daily typically using either Britton Robinson or phosphate buffer (pH 7). 
Electrochemical measurements were conducted using an Autolab PGStat computer 
controlled potentiostat (Eco-Chemie, Utrecht, The Netherlands) using a three electrode 
configuration consisting of either a glassy carbon working electrode (3mm diameter, 
BAS Technicol, UK) or a polycarbonate/carbon/ferrocene composite. Platinum wire 
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served as the counter electrode with a 3 M NaCl Ag | AgCl half cell reference electrode 
(BAS Technicol, UK) completing the cell assembly. Unless otherwise specified – all 
measurements were conducted without pre-degassing with the solution temperature being 
22oC ± 2oC throughout. For the determination ascorbate within commercial vitamin C 
tablets and saliva, a flow injection system (Gilson) was used with a BR-Buffer (pH 7) 
mobile phase at a flow rate of 1.2 mL / min. The detector consisted of a three electrode 
system with PC-FC as the working electrode. Chromatographic analysis of ascorbate 
within the Rose-hip tea and saliva was done with an Agilent 1200 series HPLC system 
equipped with a quaternary pump. An ODS 150 × 4.6 mm Sphereclone 3 μm 
(Phenomenex) column was used throughout with a mobile phase consisting of 10 mM 
Phosphoric acid (pH 6.64) at a flow rate of 0.8 mL / min. The detection wavelength in all 
cases was 250 nm. 
6.3.  Results and Discussion 
6.3.1. Sensor Construction 
A solution consisting of polycarbonate granules dissolved in dichloromethane was 
mixed with carbon in a ratio 1:2 by weight in an analogous manner to that described in 
Chapter 5. Before adding the carbon however, 2% w/w of ferrocene (with respect to the 
carbon) was added. The polycarbonate-carbon-ferrocene (PC-Fc) mixture was stirred 
over a period of 15 minutes to ensure homogenisation.  The mixture was then placed onto 
a glass surface and the solvent allowed to evaporate at room temperature to form a thin 
film. The construction of the electrode followed a similar procedure to that described in 
the previous chapter. A piece of the PC-Fc composite film was connected with a copper 
tape with both parts sandwiched between two pre-patterned laminate sheets by thermal 
means. A 3mm hole in the upper laminate served to expose the underlying PC-Fc 
composite.  
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6.3.2. Surface Characterisation 
Figure 6-1: SEM image of the PC-Fc composite 
electrode 
The composite was initially 
studied by scanning electron microscopy. 
A micrograph detailing the surface 
morphology of a representative sample is 
detailed in Figure 6-1 and indicates that 
the surface of the electrode is irregular. 
There were no gross morphological 
differences between the two faces which 
is in contrast to the simple composite 
film discussed in the previous chapter. In 
the case of the polymer-carbon binary 
mixture examined previously - there was 
a marked difference in the 
electrochemical responses of the two 
faces. In this case no difference in the 
electrochemical performance was observed. This could be expected given there was no 
morphological difference in the faces of the PC-Fc film. 
Elemental analysis (SEM-EDX) confirmed the presence of iron and thereby the 
inclusion of ferrocene. Different regions of the film were subsequently studied to ensure 
the homogeneity not only in the morphology but also in the distribution of the catalytic 
material within the electrode composition.                                                             
6.3.3. Electrochemical Characterisation 
The sequential determination of ascorbic acid and uric acid with a commercial 
glassy carbon electrode can be difficult as the potential at which the analytes are 
oxidised are quite close which results in overlapping signals and an absence of 
selectivity. The addition of ascorbic acid to a solution of uric acid results in an increment 
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of the peak current of uric acid measured at a glassy carbon electrode as well as an 
increase in the width of the peaks as indicated in Figure 6-2A. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-2: Squarewave voltammograms detailing the response of glassy carbon electrode to uric acid 
before and after the addition of aliquots of ascorbate. 
 
It has been previously shown that ferrocene derivatives catalyse the oxidation of 
both ascorbic and uric acids [37,38]. In order to study the behaviour of the catalytic 
oxidation of ascorbic acid on the electrode surface, polymer-carbon composite electrodes 
with and without the mediator were prepared - the construction following the processes 
described in Chapter 5 within experimental section. 
It can be anticipated that the ferrocene within the polycarbonate-carbon 
framework would catalyze ascorbic acid oxidation by an EC’ mechanism, where the 
chemical reaction that follows the electron transfer regenerates the starting material. 
Cyclic voltammograms detailing the electrode response to increasing additions of 
ascorbate are shown in Figure 6-3. The catalytic oxidation peak current was linearly 
dependent on the concentration of ascorbic acid within an experimental range from 50 
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μΜ to 250 μM according to: Electrode Response μA = 5x10-9  [AA / μmol L-1] + 3x10-8 
, R2 = 0.9956, 
 
 
 
 
 
 
Figure 6-3: Cyclic voltammograms detailing the response of the PC- Fc  composite 
electrode towards increasing additions of  ascorbic acid. Scan rate 0.1V/s 
The response to increasing scan rate was then investigated to establish whether 
the ferrocence was behaving as a freely diffusing species or one immobilised on the 
surface. The resulting voltammograms are detailed in Figure 6-4 with the corresponding 
peak height vs scan rate plot shown in the inset. 
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 Figure 6-4: Cyclic voltammetry of the PC-Fc electrode in Briton Robinson buffer 
pH=7 at different scan rates.  
 
As anticipated, the plot of the scan rate versus the peak current gives a linear 
response: Peak Current (A) = 2x10-9 [Scan Rate (mV/s)] + 5x10-8, which is consistent 
with the ferrocene being effectively immobilized onto the electrode. This can be 
explained by the insolubility of the ferrocene in aqueous solution such that it remains at 
the interface. Further corroboration was provided by examining the relationship between 
peak height against the square root of the scan rate (not shown) which gave a curved 
profile. This fits with previous experimental finding where the peak magnitude of the 
ferrocene was not found to diminish when the electrode was repeatedly placed in fresh 
pH 7 buffer. Had the ferrocence not been insoluble then it would have diffused into the 
bulk solution such that subsequent measurement would result in a decrease in peak 
height.  
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Squarewave voltammograms detailing the response of the PC-Fc –Ferrocene is 
incorporated within the polycarbonate- electrode towards ascorbate is shown in Figure 
6-4. A linear increase in the magnitude of the oxidation peak is observed and is similar 
to that observed with the cyclic voltammetry results in Figure 6-3. The introduction of 
urate however did not unduly influence the ferrocene peak nor the catalysis of the 
ascorbate and resolution between the latter and urate is clearly possible. Unlike the 
response obtained with the GC electrode, Figure 6-2, PC-Fc the composite is able to 
separate the two analytes as illustrated in Figure 6-5. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-5: Squarewave voltammograms of different concentrations of ascorbic acid in the 
presence of uric acid recorded at a PC-Fc electrode  
6.3.4. Electrode Stability. 
The main problem of mediated composite electrodes is the stability of the 
mediator within the electrode. As mentioned previously, Ferrocene is largely water 
insoluble, so it is unlikely to diffuse into the bulk test solution. However, oxidation  
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results in the product of the 
ferrocinium ion,Fc+, which, as a 
consequence of the charged 
nature could be expected to be 
slightly soluble in water and, as 
such, could be released from the 
electrode to the solution. A 
number of experiments were 
conducted to assess leaching. 
The first experiment had the aim 
of proving the stability of 
ferrocene after the application of 
an oxidative potential. A 
potential of 0.8V was applied 
over a period of 1 minute during which the solution was stirred. It could be anticipated 
that forced convection would remove the Fc+ from the electrode surface. A cyclic 
voltammogram was recorded before and after the oxidative conditioning potential. This 
was repeated ten times. The electrode was reasonably stable as indicated in Figure 6-6 
where there is very little degradation in the peak height response. After the first minute, 
the electrode varies a little but it remains constant thereafter. This can be attributed to the 
initial charging of the electrode interface and removal of loosely bound material. It is 
possible to confirm that the mediator does not dissolve into the solution after submitting 
the electrode to prolonged anodic conditions.  
 
Figure 6-6: Stability assay of the ferrocene composite 
showing the peak current after different oxidation times. 
This partly addresses the issue of using mediated electrodes in flow systems. In 
bulk solutions, if the electrode loses an amount of the mediator, the latter will still be 
present in the solution at the interface and could be recaptured upon the re-reduction of 
the mediator. However in flow systems, the mediator could be permanently displaced 
from the electrode surface by the flow and removed to waste and therefore no possibility 
of recovering the latter. The leaching of the mediator from the electrode under such 
circumstances would result in a loss of catalytic capability and hence sensitivity. It is 
important that, in this instance, the oxidative conditioning under stirred conditions did not 
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result in any significant loss of the mediator. In a follow up experiment - the same 
electrode was used over a period of seven days accounting for almost 18h operation 
within a flow cell at a fixed potential of 0.2V – the detection potential required for the 
analysis of ascorbate. No loss in sensitivity was observed and confirms the potential for 
its use both as sensor substrate o for incorporation within FIA or LC systems. 
6.3.5. Ascorbic Acid Detection 
The next phase was to assess the performance of the electrode in the analysis of 
ascorbate within authentic samples of varying complexity. After the construction of the 
electrode, we applied it for the detection of ascorbic acid within different matrixes, and 
we compared the results with the commercial amounts indicated in the labels to 
demonstrate the accuracy of the sensor. 
6.3.5.1. FIA Analysis of Vitamin C 
Figure 6-7: FIA of ascorbic acid and 
uric acid with the PC-Fc electrode. 
The first stages of the analytical 
investigation focused on the use of Redoxon 
tablets which are basically ascorbic acid along 
with some binders and flavourings. A second 
experiment involved Ribena, a blackcurrant soft 
drink which is marketed on its reputed high 
vitamin C content. In both cases, the analysis was 
done in a flow injection system (FIA) with a home 
made electrochemical cell (similar to that 
described in Chapter 5). The electrochemical cell 
consisted of a three electrode system. The PC-Fc 
electrode was used as a working electrode, 
silver/silver chloride wire previously anodised in 
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3M potassium chloride was used as the reference electrode and a platinum wire as a 
counter electrode. To overcome the interference of Uric acid in the analysis we choose a 
potential of +0.2 V which was enough for the oxidation of ascorbic acid and avoids the 
oxidation of uric acid. Figure 6-7 shows that the electrode responds to ascorbic acid, 
however when uric acid was injected through the flow system no signal was observed. In 
addition, the injection of an equimolar mixture (0.6mM) of ascorbic acid and uric acid 
gave the same response that the injection of the same amount of ascorbic acid. This 
demonstrates that ascorbic acid can be detected in the presence of uric acid. Once the 
correct potential was set, a calibration for the quantification of Vitamin C was conducted 
and is detailed in Figure 6-8.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
A linear response was obtained with increasing concentrations of ascorbic acid 
(peak height = 3x10-8 [ascorbic acid / mmol L-1] – 3x10-10; N = 3; R2 = 0.996). Moreover, 
the repetitive injection of the sample yielded excellent height and area reproducibility as 
shown in Figure 6-8. Commercial Redoxon tablets contain 1000mg of ascorbic acid per 
pill. A solution of 0.57mM of Ascorbic acid in distilled water was prepared and then 
directly injected (10μL loop). The solution was injected three times and the FIA analysis 
gave a concentration of 0.58 mM (N=3 %RSD=0.0187) of ascorbic acid. In the case of 
Figure 6 edoxon -8: FIA of  Vitamin C present in R
tablets and in a Ribena soft drink 
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the Ribena analysis, 5 mL of the blackcurrant drink was diluted up to 10 mL with 
distilled water, resulting in a solution containing 0.68mM of ascorbic acid (according to 
the nutritional data supplied by the manufacturer). The FIA analysis indicated a 
concentration of 0.716mM (N=3, %RSD=0.63) of ascorbic acid. In both cases the value 
obtained with the composite electrode was under 5% the theoretical value, 1.7% for 
Redoxon tablets and 4.97% for Ribena drink. 
6.3.5.2. Determination of Ascorbate in Rose Hip Tea. 
catalytic behavior was observed due to the ferrocene immobilized on and in the electrode.  
Rose Hip tea is made from rose hip which is the fruit of the rose plant. These fruits 
have a high content of vitamin C and often more than citrus fruits. As such, they are 
highly valued for their alleged medicinal properties when prepared as an infusion or  tea. 
Rose hips were collected and cut into small pieces and 6g samples of the rose hip boiled 
with 100 mL of distilled water during 15 minutes. The Tea was then filtered and stored at 
4ºC until used. The response of a glassy carbon electrode to the introduction of an aliquot 
(200μL) of rose hip tea is shown in Figure 6-9 and is compared with the PC-Fc electrode. 
An anodic peak at 0.46V with the glassy carbon electrode was observed and was taken to 
indicate the presence of ascorbic acid. As expected, the peak shifted toward a less 
positive potential 0.34V when the PC-Fc electrode was used as a working electrode and a 
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Figure 6-9: Cyclic voltammograms detailing the response of the Rose Tea with 
a glassy carbon electrode and with the PC-Fc electrode. Scan rate 0.1V/ s 
 
 To corroborate the presence of ascorbic acid, and to validate the method, rose hip 
tea was injected - after filtration- to the HPLC-UV system in which we coupled the 
electrochemical cell containing the PC-Fc composite electrode. In this case and because 
the absence of uric acid we applied a potential of 0.3v. The results are shown in Table 6-
2.  
 
 
Table 6-2: Ascorbic acid concentration of different extractions of rose hip tea measured 
with a uv detector and with the composite electrode. 
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We obtained similar results with both detectors; the spectrometric detector 
incorporated to the HPLC and the coupled electrochemical detector with the former 
serving to validate the response of the sensing properties of the PC-Fc electrode. The 
investigation thus far has had the sensor always coupled with a flow system. In order to 
simplify the method, the analysis was conducted using chornoamperometry with the PC-
Fc electrode within a quiescent solution. In chronoamperometry, the mass transfer occurs 
mainly by diffusion, herein the current of interest is that at fixed time after the imposition 
of the oxidizing (detection) potential. Representative current-time profiles for the analysis 
of Rose Hip tea recorded at +0.3 V are shown in Figure 6-10.  
 
 
 
 Figure 6-10: Chronoamperometry of the Rose Hip tea solution before and after the 
addition of different concentrations of AA  
 
 
In order to be directly representative, the same samples used to do the HPLC experiments 
were analysed with the chronoamperometric technique. The samples were stored in the 
freezer until the same day of the experiment. The results are presented in Table 6-3. 
 
 
Chapter 6:  Catalytic Composites                                               163 
 
 
 
Table 6-3: Ascorbic acid concentrations obtained with the composite electrode by transient 
chronoamperometry 
 
The results obtained with transient chronoamperometry were similar to those  
obtained before with the HPLC-UV and HPLC-EC. This confirms the validity of the 
system. Thus the PC-Fc electrode can be used for quantitative determinations of AA 
using a variety of instrumental platforms – sensor or detector. 
6.3.5.3. Determination of AA in Human Saliva 
As mentioned before, one of the main problems for electrochemical detection of 
ascorbic acid is the lack of selectivity due to the interference of other substances such as 
uric acid. Biological fluids such as saliva are quite complex and it could be expected that 
their analysis could be difficult. The aim of this section is to demonstrate that the sensor 
could be used in more complex samples without the interference from uric acid.  
Saliva was collected from volunteers and stored at 4ºC until the moment of analysis. 
The analysis was achieved using the same procedure as detailed above with an HPLC 
system with an UV-detector and which was then compared with PC-Fc sensor coupled 
with a FIA system. The main advantage of HPLC is that we can separate the possible 
interferences that could compromise the response of the sensor but the sample 
preparation is complex if compared with the FIA system. Because of the dimensions of 
the particles of the chromatographic column, it is necessary to precipitate large molecules 
such as proteins in order to avoid the obstruction of the column. The FIA has no column 
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and relies solely upon the selectivity of the detector – thus a more simple system which 
also allows direct injection of the sample. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6-11: Flow injection analysis of saliva  
 
For the precipitation of large molecules, the sample was treated with acetonitrile 
(ACN) then centrifuged over a period of 15 minutes at 11000 rpm. The recovery 
experiments with the HPLC system showed poor reproducibility, and it was thought that 
this may be due to the fact that the dissolution of the sample with ACN will change the 
electrolyte content going through the detector; this may affect the conductivity and 
therefore the electrode response. For the FIA experiments the saliva was diluted with 
phosphate buffer (pH 7) and centrifuged to precipitate the larger molecules, but no ACN 
was added. The injected saliva sample acts as a blank and then the saliva was spiked  
(standard addition procedure) with 70 µM of ascorbic acid. The recovery experiments 
conducted are shown in Figure 6-11 with the results presented in Table 6-4  
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Table 6-4: Recovery results from the flow injection analysis of saliva 
6.4. Analytical Application 
Different uses can be attributed to the sensor. The sensor was able to accurately 
quantify ascorbic acid in beverages and pharmaceuticals which can be used to evaluate 
the index of quality of the latter since it could easily vary during production and storage – 
especially where natural products are concerned. The sensor has also proved to be 
capable of quantifying ascorbic acid in complex matrixes such as saliva without the 
interference of uric acid. As mentioned briefly in the introduction, ascorbic acid is one of 
the main antioxidants in the body and its evaluation could be used for the determination 
of the level of oxidative stress and its effect on the general health of individuals. The 
ability to transfer the electrode to a sensor format is very encouraging as it could open an 
avenue for the development of point of care technologies based on the evaluation of 
ascorbate. Moreover, the greater availability of such detection systems could serve as a 
useful tool through which to encourage more clinical analysis that could be used to 
clarify the role of this antioxidant in the body. 
 
 
 
 
 
 
 
 
 
Chapter 6:  Catalytic Composites                                               166 
 
 
6.5. Conclusions 
The results confirm the viability of the sensor for the detection of ascorbic acid in 
the presence of uric acid in both simple and complex matrixes. The mediated, ferrocene 
composite electrode has been shown to have different catalytic behaviour toward ascorbic 
acid than uric acid, allowing the separation of both compounds. The principle of 
manufacture is relatively simple and could be easily adopted within general lab 
environments. In addition the format is considerably more flexible than the paste systems 
and provides a mechanically robust material in which the mediator is retain and can be 
applied in discrete sensing systems or in flow detection analysis.  
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Chapter 7 
 
Composites – Bioelectrochemical Detection Strategies 
 
___________________________________________________________________ 
 
Abstract 
 
The integration of biological components within an electrochemical device has 
given rise to a large number of different strategies – in terms of the immobilisation and 
interpretation of the resulting signal. A review was conducted of the different approaches 
taken and materials exploited over recent years. The relative merits and limitations are 
critically appraised and possible future strategies highlighted. The chapter aims to prepare 
the ground for the transformation of the composites developed in Chapter 5 and 6 to a 
foundation upon which to introduce enzyme recognition.  
 
 
The work presented has been accepted for publication as a book chapter within  
“Composite Laminates: Properties, Performance and Applications” 
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7.1. Introduction 
The detection of biological molecules has always been of great interest but the 
complexity of many biofluids and the possible interference of other matrix components 
can often make the detection of the target analyte difficult.  The resolution capabilities 
inherent to chromatographic techniques has led to the latter dominating much of the 
analytical research effort in recent years. There has, however, been an increasing interest 
in the development of decentralised testing whereby direct measurement and reporting of 
the analyte concentration is achieved at the site of the analysis – whether it be in the 
home, in the workplace or in the field. Electrochemical technologies have found a niche 
application in such technologies given their inherent suitability towards miniaturisation 
but their selectivity has always been open to question – particularly when compared with 
the more established laboratory based procedures. Composite systems based on the 
complex interplay of biological and synthetic recognition components with modern 
materials has led to a revolution in the applicability of such hybrid devices and has 
effectively opened up a new vista of analytical science.  
The transfer of laboratory based systems for use by the average person has, until 
recently, been the dream of Science Fiction writers but the technology has matured 
considerably in the past few decades and numerous commercial products are now widely 
available within the retail sector. The devices offer rapid response and hence proffer the 
possibility of immediate action (i.e. glucose measurements by diabetics) or, in some 
instances, an opportunity for taking more long term preventative measures (typified by 
weekly cholesterol measurements).  They obviate the need for the transfer of the samples 
to the lab, the inevitable delays in processing and the possibility of sample degradation 
that can occur either in transport or storage.  
The advent of domestic diagnosis as promised by such technology generates the 
supposition that allowing the user to actively participate in the measurement process will 
generate a greater degree of responsibility in the management of their health. This is 
typified by the analysis of heart disease biomarkers whereby the patient, rather than the 
healthcare provider, is given a degree of responsibility for maintaining appropriate level 
of lipoproteins through dietary manipulation. Similar arguments can be made for a host of 
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other applications – not necessarily medical. Maintaining garden fertility is a million 
miles from the hospital ward but the technology used to assess such is the close cousin of 
that being used in the latter. The basic monitoring and subsequent participatory 
management premise is the same irrespective of end user application.  
There are however issues to be resolved – selectivity - is still a major issue as is the 
integration of the sensing component with the transducing hardware. In order to be usable 
out with the lab – the eventual devices have to be robust – in terms of the actual 
measurement process but also in the handling and storage by the user. The latter is 
seldom an issue with lab based systems where the environment is carefully controlled and 
the operators are assumed to have a greater degree of scientific knowledge. Compare that 
with the situation where the average person may be conducting the analysis in their 
home. Composite technologies have come to fore in both scenarios but the remit of the 
present review has been to examine the development of novel materials that underpin the 
measurement interface rather than those that simply provide the plastic shroud that 
protects is. A wide spectrum of methodologies has been employed in the development of 
portable biosensor systems but the remit of this review has been restricted to those 
involving predominately electrochemical transduction. At present, the latter represents 
the majority interest in the sensor community. Nevertheless, it is likely the materials 
being discussed will also have application to the other detection methodologies. 
7.2. Biosensors – The Foundations 
Biosensors have traditionally been viewed as chemical sensors onto which a 
biological agent has been bolted – be it a protein, antibody, cell or tissue. The central 
rationale being that the biocomponent will selectively react with one particular chemical 
(ie glucose oxidase) or class of chemical (alcohol oxidase) with the chemical sensing part 
being responsible for the acquisition or transformation of the bioevent to a meaningful 
physical signal. The integration of chemical and materials technology with the biological 
entity has resulted in an extensive literature base on immobilization techniques and 
substrate/product/co-factor analysis – both being vital for the development of a biosensor. 
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It is important that the bioagent recognizes the target analyte but it is equally vital that the 
sensor can detect such recognition processes – ideally in a quantitative manner.  
Enzyme systems predominate within the literature and are also the main target of 
the present work. These proteins can vary tremendously in terms of structure and 
function and monitoring the enzymatic reaction can be equally varied. There are however 
some relatively generic approaches and these are highlighted in Figure 7-1A,7-1B and 7-
1C. These reaction schemes are typical of oxidase enzyme systems (the principal systems 
investigated in this project) and follow much the same pattern irrespective of 
enzyme/analyte. Upon oxidizing the target substrate, the enzyme donates the electrons to 
an electron acceptor – usually molecular oxygen (Figure 7-1A). The consumption of 
oxygen can be monitored electrochemically. Alternatively, the production of peroxide 
can be measured. In both cases, the current generated or consumed can be related to the 
concentration of the enzyme substrate. The more substrate, the more oxygen is consumed 
and the more peroxide produced.  
These approaches have some inherent limitations – the detection of oxygen is a 
slow process and depends on the oxygen content within the sample. Peroxide is by far 
the more common approach and has the advantage of the enzyme reaction producing a 
positive signal in contrast to the diminishing oxygen signal. The core disadvantage is that 
large potentials are required to oxidize the peroxide which can induce interference from 
other electroactive species. A more recent trend has been to introduce artificial electron 
acceptors (Figure 7-1C) such as ferrocene derivatives or metal complexes. The rationale 
being to select a mediator that can accept the electrons from the enzyme and which can 
be subsequently regenerated at the electrode through the imposition of potentials that are 
unlikely to induce the oxidation of other matrix components (typically ascorbate or 
urate). The re-oxidation of the mediator results in a current that can be related to the 
substrate concentration. 
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Figure 7-1: Conventional Oxidase Type Biosensor Reaction Schemes  
 
 
7.3. Engineered Composites – Form and Function 
The transfer and acquisition of an unambiguous signal from the recognition 
element (irrespective of type) to the transducer will normally be the weak link in the 
design of the sensor. The products of the reaction may possess slow electron transfer 
kinetics thereby reducing sensitivity or requiring the imposition of large potentials to 
drive the electrode process before a quantifiable signal can be obtained. As a 
consequence, other competing reactions may occur and contribute to the current, and 
thereby lead to an over-estimation in the target concentration. Such problems have long 
been recognised within the electroanalytical community and there have been 
considerable developments in the design of materials that can address these issues. 
Polymers have been designed to aid the retention of the recognition component but also 
to pre-concentrate the target and screen out interference from other matrix species. 
Polymers have also been used to enhance electron transfer from receptor to transducer. 
Inorganic films have been designed to catalyze the electrode processes and overcome 
slow electron transfer or to facilitate the electrochemical conversion of molecules that 
would otherwise be invisible to traditional transducer materials. 
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The diversity of material that can be brought into play has created a wide window 
of opportunity for sensor design and construction and this is reflected in the increasing 
number of papers (Figure 7-2) investigating the use of polymers, inorganic scaffolds and 
new carbon materials in biosensor development. 
 
 
Figure 7-2: Articles reporting the use of a composite approach to biosensor construction. 
 
Our definition of a composite in the present context is where two or more materials 
have been brought together to enhance the performance of a sensor beyond what could be 
achieved using the single components. In principle, the combination of an enzyme and an 
electrode could be classed as both a biosensor but also a composite as both components 
are materially different. Our rationale is that this combination represents the bare bones 
of our model biosensor but our interest lies in the materials that form the nerves, muscle 
and skin and in the interactions that bind them all together to form the body of a working 
system. 
 A survey of the different materials is presented and their application critically 
appraised. No attempt has been made to present a comprehensive list, rather, a selection 
of strategies that have a particular analytical merit or design novelty are presented. The 
materials have been grouped into broad classes depending on their primary composition 
(inorganic [4-17], organic [18-100], inorganic-organic hybrids [101-127]) but this is 
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somewhat artificial and overlaps are inevitable. Each is discussed in turn in the following 
sections: 
7.4. Inorganic Materials 
Metal oxides [4,5] or metal nanoparticles [6], normally in conjunction with sol gel 
silica matrices, represent the core members of this group with the majority of applications 
targeting either glucose [4,6-11] or phenol detection [11-14]. The inorganic systems are 
arguably the less common when compared to the other types of composite assembly. 
They have been used largely as an immobilisation matrix but have, in some instances, 
been exploited as a means of enhancing sensor performance.  
Sol gels have long been recognised as a versatile immobilisation matrix in the 
pursuit of reagentless devices and provide a framework for the synthesis of optically 
transparent, amorphous bulk glasses and thin films [15]. They have a number of 
advantages – most relating to the ease of processing of the films and the fact that they can 
formed under ambient conditions which can help preserve the catalytic activities of 
entrapped biocomponents. The films are mechanically robust and, depending on 
processing factors, have controllable porosity which can be manipulated to enhance 
electron transfer between biocomponent and transducer substrate [16]. The basic reaction 
scheme is highlighted in the Figure 7-3 but the process can be catalysed by either acid or 
base and the morphology of the resulting film will differ as a consequence. Acid catalysis 
is known to lead to a linear chain with a low degree of branching whereas base catalysis 
leads to hyper branched systems with a greater degree of nanostructure. 
 
 
Figure 7-3. Silica sol gel formation. Hydrolysis (1) is followed by condensation (2 & 3) to yield a 
macromolecular scaffold. 
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Silica dominates the sol gel literature [10] but titania and ceria [4] have also been 
studied. The main limitation in the use of the more exotic systems is the markedly lower 
degree of biocompatibility however – this is really only an issue when considering in vivo 
applications. As such, the advantages associated with the processing ability of the 
material are liable to be the overriding factors in the selection of these materials for in 
vitro sensor systems. To overcome this problem, hybrid sol-gel materials have attracted 
some interest16. A selection of inorganic biocomposites and their target analyte are 
detailed in Table 7-1. 
 
 
 
Table 7-1:. Composites possessing predominantly inorganic character 
 
Anionic clays, which are essentially layered double hydroxides, represent a more 
unique method of entrapping both enzyme and mediator (Glucose Oxidase / Ferrocenyl 
Methanol) [11]. Microporous calcium carbonate, more common as the main component 
of eggshell, have also featured as a particularly useful environment for Glucose Oxidase 
[17] and Polyphenol Oxidase systems [12] and possess the potentially invaluable attribute 
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of biocompatibility. Processing the material, however, may be the rate determining factor 
in the exploitation of such materials. 
 
Nano-materials have risen to considerable prominence in recent years due to the 
larger surface area and the unique catalytic properties that can be observed at such scales. 
The increased “effective” surface area can be an invaluable asset as it allows a greater 
degree of adsorption for biomolecules – whether to immobilise a potential receptor or, 
itself act serve as a receptor for the accumulation of a target analyte. A key feature is the 
rapidity of the electron transfer between the biomolecule and the sensor surface [17]. 
7.5. Organic Systems 
This section represents a diverse range of materials encompassing – monomeric and 
polymeric systems. There are also some materials that could, depending on viewpoint, 
fall within both divisions – the carbon nanotube systems being a prime example and, as 
such, they are discussed under their own section. In the previous examples, the composite 
was the whole assembly and the addition of exogenous inorganic material was there, with 
a few exceptions, primarily to serve as little more than the glue that held the components 
together. Similar approaches have been taken in the application of the organic systems – 
but perhaps to a more significant extreme. A brief survey of some of the more diverse 
applications to which organic systems have been employed are detailed in Table 7-2. In 
the previous cases the transducer was not mentioned. In most cases, it represents a benign 
substrate (metal or carbon) that simply transfers charge. There are however a number of 
notable alternative systems in which the transducer, itself, is a composite material.  
Carbon paste and screen printed carbon electrodes are essentially composite 
materials whereby conductive carbon particles are held together – usually by a non 
conductive binder which can be either mineral oil (as in the case of pastes) or polymer 
(epoxy and screen printed systems). The combination of graphite with agglutinating 
agents such as epoxy resins [18-20] silicone [20], Nafion® [21] or Teflon® [22] have 
been investigated as potential transducers in an attempt to enhance the sensor 
performance (largely through enhancing electron transfer rates). Graphite-epoxy 
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biosensors are rigid composites that can be used in aqueous or non aqueous medium and 
it is their application within the latter that gives them an advantage over the more 
conventional paste systems. The epoxy electrodes offer low background currents, high 
mechanical strength whilst retaining the processing ease common to the paste systems. 
This combination has been used for the detection of different analytes such as 
hydroquinones [20], hydrogen peroxide [21-23] and bacteria [24]. 
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Table 7-2. Organic biocomposites 
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Developments with regard to the monomeric composite class however are 
represented by advances in the development of ionic liquids (IL). These have led to a 
resurgence of interest in the paste systems where the IL’s have replaced the more 
traditional mineral oils. Carbon ionic liquid electrodes (CILE’s) demonstrate some 
advantages over the conventional carbon paste electrodes such as high conductivity, fast 
electron transport and antifouling properties and low detection limits [25]. One of the 
limitations of ILs however is the relatively large high background current; however M.M 
Musameh et al. reported a carbon paste electrode combined with ionic liquids showing a 
low background current by the incorporation of n-octyl-pyridinium [26]. 
The use of ionic liquids as the principal solvent within which to conduct the 
analysis represents a step change in the electroanalytical knowledge base. It offers a far 
greater potential window over which to probe target analytes and stands in stark contrast 
to the potential window limitations imposed by aqueous buffer systems. They also appear 
to offer a medium that can be compatible with bioreceptors such as enzymes and have, in 
some instances, been demonstrated to actively stabilise the latter [27]. Hybrid systems 
have begun to emerge where the ILs are used in combination with the more traditional 
polymer matrices such as Nafion® [21], Polyacrylamide  (PAA) [28] and Chitosan 
(CHIT) [29]. They have also been used with sol gel based materials to improve the direct 
electron transfer between the biomolecule and the electrode without the need of a 
mediator and have given rise to the so called third generation sensor [28]. 
The vast majority of biosensors utilise some form of organic polymer and like the 
previous materials – these can fulfill a number of functions depending on application. 
Historically, their main role was simply as an entrapment matrix through which the 
enzyme electrode could be re-used. Initial work used dialysis membranes but the field has 
advanced significantly. The emergence of electropolymerisable monomers and polymer 
backbones that possess inherent conductivity led to an explosion in the number of papers 
investigating the development of reagentless sensors – in which the polymer is used to 
entrap the enzyme at the surface of the transducer but also to facilitate electron transfer 
between the two components. Two subdivisions exist – the preformed polymers and the 
electropolymerised systems 
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Preformed polymers are typified by the Nafion®, polyvinyl pyridine, chitosan and 
redox hydrogels. These essentially represent the first generation of polymer systems 
utilised in biosensor construction. Their role was principally to immobilise the sensing 
element and prevent it leaching into the sample matrix. It was quickly realised that their 
inclusion yielded additional advantages and could be used to pre-concentrate the target 
analyte while excluding both macromolecular (protein) and monomolecular (ascorbate, 
urate) interferences. Nafion® stands as one of the most effective anti-interference screens 
as its anionic character dramatically reduced the influence of negatively charged 
ascorbate and urate (Figure 7-4) which, until recently, have been the two most 
problematic agents present within biofluids [30]. Moreover, the film could pre-
concentrate positively charged neurotransmitters (i.e. dopamine) by ion exchange and 
minimises the problem of biofouling of the electrode substrate by other macromolecular 
species through providing a permselective action. 
 
 
Figure 7-4: Multi-role influence of Nafion® in biosensor construction. 
 
Chitosan has found an almost unique application. It is an aminoglycoside polymer – 
possessing primary amino functionalities (RNH2) that can be used to covalently bind 
enzymes [31]. It is a hydrophilic polymer that swells in the presence of water or 
biological fluids, forming a gel. Hydrogels, stabilize the three dimensional structure of 
the enzyme by mimicking cytoplasmic or cytosolic properties [32]. Chitosan also has 
excellent capability for film formation and possesses a degree of biocompatibility which 
can allow in vivo measurements.  
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The other subdivision is represented by pyrrole and aniline type derivatives. Both 
molecular classes can be oxidised at an electrode and, in doing so, the electrogenerated 
radical cations – couple head to tail to form long chain polymers that retain conductivity. 
They provide a facile method for enzyme entrapment [33,34] and can often be 
polymerised (Figure 7-5) from buffered solution (in contrast to the organic solvents used 
to deposit Nafion®) [28,31,33-27]. Conducting polymers combine the mechanical 
properties of polymers (elasticity, malleability and flexibility) with high electrical 
conductivity and, as such, these properties make them an interesting tool for 
electrochemical devices and consequently for the construction of biosensors [28].  
 
Figure 7-5: Electropolymerisation of pyrrole facilitating simultaneous polymer growth 
and enzyme entrapment 
 
Polysulfone is also frequently used in biocomposites, because of its thermal, 
chemical and biological stability and because its solubility in dimethylformamide make 
the preparation of polysulfone membranes straightforward. Polysulfone have been used 
in combination with different biocomponents such as haemoglobin or horseradish 
peroxidase. More recently, Ordóñez and Fàbregas introduced this polymer as a reservoir 
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for immunological material for the construction of a graphite-polysulfone composite 
containing HRP and IgG [38]. 
7.6. Carbon Nanotubes  
The unique mechanical, electronic and structural properties of carbon nanotubes 
(CNT) make them a useful component for sensing technologies. CNTs enhance the 
electrochemical reactivity of biomolecules, enhancing the electron transport. More 
recently, they have been used as key structural components in the immobilization of 
enzymes or other biomolecules. The latter has been achieved by a variety of methods: 
noncovalent adsorption of the biomolecules by supramolecular interaction or by covalent 
immobilization. The latter leads to a more stable attachment without losing enzyme 
activity. The functionalization of carbon nanotubes to improve the immobilization of the 
biomolecule can also be achieved through a variety of processes. Extensive sonication in 
acid conditions [2] or by anodization, to introduce carboxylic groups which creates a 
negative charge (Figure 7-6) have been found to be particularly effective,  and can be 
used for binding positively charged enzymes or proteins such as haemoglobin [39].  
 
Figure 7-6: Surface modification of nanotubes to improve adhesion of biomolecules. 
 
Excessive oxidative treatment can however harm the chemical or physical 
properties of carbon nanotubes or destroy the sp2 structure of CNTs and wipe out their 
properties. A more attractive modification is to functionalize the carbon nanotubes by 
wrapping with a polymer (Figure 7-7) which will introduce a charge, positive or 
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negative, that will be used to immobilize the enzyme on the surface [40-42]. It has been 
established that carbon nanotubes can act as an electrocatalyst for some molecules such 
as NADH, ascorbate, dopamine and nitric oxide. It has also been reported to facilitate 
direct electron transfer with enzymes where its nanoproperties allow close interaction 
with the protein redox centre [43]. Wang and co-workers were the first to report the use 
of CNTs for the oxidation of biomolecules [44]. V.B.Kandimalla and H. Ju, reported the 
use of composite carbon nanotubes for the detection of thiocholine [45]. The carbon 
nanotubes catalyse the oxidation of thiocholine and shift the oxidation peak toward more 
negative potentials. However Compton [100] and co-workers  have shown that the 
electrocatalytic properties of CNTs are similar to edge plane pyrolytic graphite electrodes 
and there is some debate as to the nature/origin of the enhanced electrode performance 
that has been reported in the past.  
 
 
Figure 7-7: Influence of cationic polymer wrapper for the immobilisation of biomolecules. 
 
One of the limitations of CNTs is their low solubility in most common solvents due 
to their hydrophobic surface. Two main modifications are normally used to improve the 
solubility of carbon nanotubes. The first involves the functionalization of CNT surface 
through acidic anodization or through noncovalent binding with dispersants via either Π-
Π interactions or electrostatic interactions. Dan Wen et al [42]. reported the modification 
of carbon nanotubes by wrapping carbon nanotubes with a polyelectrolyte to create a 
material that could be dispersed in water. It was also shown to adsorb Glucose Oxidase 
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(GOx) without the use of any cross-linking agent [42]. Tsai and Huang, reported the use 
of poly (vinyl alcohol) (PVA) to solubilise carbon nanotubes. Another modification that 
has been frequently used to solubilise CNTs is the use of dimethylformamide, Nafion® 
and, more recently, Chitosan[46-47].  
CNTs have been also used in the preparation of inks which have proved to be 
suitable for micro fabrication of thick-film electrochemical sensors [48]. Screen printed 
electrodes offer large scale production of low cost micro sensors and therefore the 
incorporation of CNTs offer a new promising combination for the design of biosensors. 
7.7. Hybrid Systems 
Hybrid biocomposites typically consist of both inorganic and organic components 
in addition to the biosensing component. They normally consist of metal nanoparticles 
combined with an organic polymer or carbon nanotubes. Furthermore, the use of metal 
nanoparticles in the construction of electrodes [49] or in the modification of its surface 
[50-52] has lead to some novel developments in electrocatalysis as indicated by the 
literature survey detailed in Table 7-3. Metal oxide nanoparticles possess important 
characteristics such as high surface area, ease of fabrication, chemical stability and the 
ability to promote electron transfer kinetics between the biosensing component and the 
electrode or transducer. All these properties make metal nanoparticles a potential tool for 
the development of biosensors. Metal oxide semiconductors such as ZnO are common 
nanomaterials for the construction of biocomposites. The nanoscale porosity of the 
material becomes an advantage for enzyme immobilization and they can provide a 
protective environment for the enzyme [53-54]. The combination of ZnO nanoparticles 
with different polyelectrolytes such as Nafion® or chitosan for enzyme immobilization 
has been reported. In fact a comparative study reported an improvement in direct electron 
transfer, of porous nanosheets compared with ZnO microspheres possessing a smooth 
surface [53]. Another meal oxide that has attracted attention is aluminium oxide which 
has been used to create artificial membranes for electrochemical sensing with the 
combination of polymers like polyethyleimine and Polyaniline [55]. The use of other 
metal oxides such as Co3O4 [56] has also been reported.  
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Park et al. treated the electrode with gold to improve its sensitivity by sputtering 
and electrochemical deposition [3]. Gold nanoparticles are gaining interest in analytical 
electrochemistry since they are highly conductive nanomaterials which can possess fast 
electron transfer. The use of gold nanoparticles as a matrix to immobilize different 
enzymes is well known [57, 16] and they have been reported to adsorb redox enzymes 
and proteins without compromising the biological properties of the biomolecule. It has 
been speculated that the gold redox environment is similar to that where biocomponents 
are found in nature in which the biomolecules have more freedom in orientation [58]. 
Gold has been used in combination with different materials such as different polymers 
[23,35,59], ionic liquids, or graphite to build hybrid composites. 
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Table 7-3: Hybrid systems employing defined inorganic and organic components. 
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It is well known that both carbon nanotubes and gold nanoparticles have unique and 
interesting properties as well as simply increasing electrocatalytic activity. One of the 
first applications of nanoparticles for the construction of a hybrid biosensor was reported 
by Yogeswaran et al [130] for the determination of tyrosine, adenine, guanine and 
thymine. More recently, nanoparticles have been extensively used for the detection of 
different substances such as ethanol [60] or hydrogen peroxide [61,43]. The latter is 
important as it is often the byproduct of many enzyme reactions (c.f. Figure 7-1) and 
hence could be an invaluable asset as an interface to those biomolecules. Normally, the 
construction of these hybrids includes the use of organic solvents, polymers such as 
chitosan or Teflon [60] and a surfactant [28], However, Wang and co-workers reported 
the use of thionine to link gold nanoparticles to the carbon nanotubes [43] without using 
any polymer or organic solvent for the construction of the sensor (Figure 7-8). There 
have been a number of investigations into the role of thionine to act both as a mediator 
and as linker between gold materials and negatively charged polymers such as p-ABSA 
[50] or carbon [43] materials. Components possess carboxyl groups or hydroxyl groups 
interact with the positively charged thionine through electrostatic attraction.  
 
Figure 7-8: Thionine used as a linker between functionalised CNTs and Gold nanoparticles. 
 
Sol-gel electrodes are an expanded group within hybrid materials, where they 
combine traditional sol-gel materials (mostly silica materials such as TEOS) with organic 
polymers and or carbon nanotubes. In most applications, the sol gel material is used to 
provide a micro-porous support matrix in which sensing element is entrapped but though 
which smaller molecules can diffuse [15]. As mentioned at the beginning of the chapter, 
inorganic sol-gel sensors lack of biocompatibility can often be solved or partially 
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minimised by the combination of biocompatible organic components into the mixture, as 
a result hybrid sol-gel composite materials are widely used for biosensing [62,28]. 
Carbon ceramic is a new carbon electrode material, mainly constructed by sol-gel type 
process. Carbon ceramic electrodes posses the ability of surface removal like other 
carbon materials, porosity, low temperature encapsulation, chemical inertness, optical 
transparency, negligible swelling, mechanical stability and the ability to control the 
surface wetability in aqueous solution by choosing the appropriate sol-gel monomers 
[63]. 
Other novel combinations that have been explored are the fusion of charged 
polymers with charged clays. This approach is typified by the construction of sensors 
based on laponite-clay chitosan nanocomposite for the amperometric detection of 
phenols [64]. In this instance, the mixture becomes a useful tool for the immobilization 
of  polyphenol oxidase without the need for a covalent cross-linking procedure. 
7.8. Conclusions 
Interest in the use of composites within biosensor development has increased 
dramatically in recent years and the advances in materials is often viewed as the answer 
to many of the selectivity and sensitivity problems that have plagued the early prototypes. 
In addition, the need to improve the stability and reproducibility is becoming much more 
of an issue now that, in most cases, research is steadily progressing from proof of concept 
to application demonstrators. The successful integration of the sensing component with 
the transducer is highly dependent on the selection of appropriate materials that can 
enhance the transducer-bio interaction and retain activity beyond the first few 
measurements. 
Nanoparticles have received a great deal of attention and it is likely that their use 
within biosensing designs will evolve steadily in the future. A glimpse of what they can 
offer has been provided here but it is almost inevitable that more has yet to be found. 
Gold nanoparticles have been shown to provide redox microenvironments similar than 
that experienced by the biocomponent in nature. The electrocatalytic properties of carbon 
nanotubes are a source of considerable debate but there is little doubt that they provide an 
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extremely versatile addition to the materials library and several novel features such as 
their scaffolding for enzyme and capacity for intimate contact with redox sites are 
without quarrel. 
Ionic liquids are another emerging material for which much is yet to be written. The 
wide potential range is an undoubted bonus. Recent developments have seen the focus 
turn towards third generation sensors or mediator free electrodes and this area is central 
to the following chapters. Different systems have been reported to facilitate electron 
transfer. It is clear that composites have a central role in biosensor development and it is 
a role which seems to be ever on the increase given the advances in new materials.   
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Biosensing of Purine Metabolites 
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Abstract 
 
The present chapter can be divided into two main parts. The first involves a 
chromatographic study of the composition of saliva from different species (human, horse, 
donkey, sheep and llama) and an evaluation its potential usefulness as a non invasive tool 
for the evaluation of oxidative stress in animal welfare studies. The second section is 
based on the development and characterization of a novel electrochemical composite 
biosensor for the determination of xanthine and its potential application for the evaluation 
of the latter in saliva.  
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8.1. A Further Development 
Throughout the thesis, the sensing strategy has being modified according to the 
needs of the detection methodology and the application context. The first chapters 
focused the attention on the introduction of different electrochemical methods to expose 
the versatility of electrochemical techniques but no effort was involved in the preparation 
of the electrode itself and the measurements were done with plain electrodes without 
further modifications. In successive chapters, the developments of different electrode 
modifications were reported, from simple physical modification such as laser anodisation 
through to the introduction of a chemical catalyst in the electrode such as a ferrocene. 
The last chapter seeks to exploit the latter in a more complex assembly by using a 
biocatalyst in the sensing strategy.  
8.2. Introduction 
Purine compounds are a group of aromatic organic molecules consisting of a 
. They play an important role in the body and 
their evaluation has been used for a variety of 
different biomedical applications. Some of the 
more common biologically significant purines 
are shown in Figure 8-1. Allantoin, although 
not a purine itself, is included in the figure 
because it is the oxidation product of uric acid, 
being the last breakdown product of purines 
such as adenine and guanine. Xanthine is one 
of the metabolic products of purine 
nucleotides. It penetrates cell membranes and 
accumulates in extracellular fluids. 
Nucleotides such as Adenine triphosphate 
pyrimidine ring fused to an imidazole ring
Figure 8-1: Common Purines 
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(ATP) is degraded to hypoxanthine by the action of nucleoside phosphorylase, then 
hypoxanthine (HX) is converted to xanthine(X) which finally is further oxidised to uric 
acid (UA). In humans, the process stops there but in most other mammals and microbes – 
the breakdown continues through to allantoin. The last two steps are normally catalyzed 
by xanthine dehydrogenase; however in some conditions (i.e. ischemia), xanthine oxidase 
catalyzes the degradation of these two metabolites to uric acid [1]. Guanine is also 
converted to xanthine by the action of guanase and then xanthine is converted to uric acid 
by xanthine dehydrogenase. 
The determination of xanthine has been of great interest in the food industry [2-4]. 
Xanthine and hypoxanthine are produced in the degradation process of food, therefore the 
evaluation of these two purine metabolites can be indicative of the freshness of food. 
Clinical interest in the determination of xanthine is due to the relation of xanthine 
concentration with different pathologies. Xanthuria is a genetic disorder where the lack of 
xanthine oxidase results in the accumulation of xanthine with its low solubility leading to 
stone formation - the diagnosis is commonly done by urine evaluation [5,6]. Lesh-Nyhan 
syndrome is a failure in the salvage pathway for hypoxanthine because the deficiency of 
the enzyme hypoxanthine-guanine phosphoribosyltransferase and causes a build up of 
uric acid in all body fluids [7]. Diagnosis can be achieved in the early stages where the 
clinician is alerted to the possibility through the onset of hyperuricemia.  
Another interesting fact found in the literature is the relation of ischemia and 
oxidative damage [8-12]. Intense exercise can cause ischemia or hypoxia in certain parts 
of the body. In this situation ATP will be metabolized to ADP, AMP, inosine, 
hypoxanthine, xanthine and finally to uric acid. In normal physiological conditions 
xanthine dehydrogenase, which is the dominant form of the enzyme will use NAD+, as 
the electron acceptor in the oxidation of xanthine and hypoxanthine to uric acid, however 
under anaerobic conditions the xanthine dehydrogenase will be converted to xanthine 
oxidase, which, instead of using NAD+, directly reduces oxygen to superoxide and 
hydrogen peroxide. During ischemia, the concentration of oxygen is low and xanthine 
and hypoxanthine are accumulated in the extracellular fluids and thus upon reperfusion a 
high concentration of ROS are produced which will result in oxidative damage. The 
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accumulation of xanthine could be considered as a useful tool for the evaluation of the 
level of oxidative stress within the body under conditions of excessive/strenuous exercise. 
As such, it could be considered to be a more specific indicator of oxidative stress than the 
ascorbate which was discussed in the previous chapter.  
Oxidative stress caused by reactive oxygen species contributes to many diseases 
including inflammation, autoimmune diseases, cancer, neurodegenerative diseases or 
heart attacks. Humans and animals are exposed to oxidative stress by different sources, 
not only internal, also external sources. The mastication and digestion of foods provide 
different reactions such as lipid peroxidation. For this reason, saliva can be considered as 
one of the first lines of defence within the body against oxidative stress. The use of saliva 
as a medium through which to assess the level of oxidative stress can be more convenient 
when compared with other sampling methods. It is generally a non invasive method that 
does not need professional expertise (cf. blood sampling) which greatly simplifies the 
sampling process. This chapter informs about the study of the purine content in saliva and 
explains the development of a novel biosensor that could ultimately be used as part of 
point of care sensing strategy for the determination of xanthine.  
Diverse methods have been reported for the determination of xanthine - most of 
them combine the use of HPLC with spectrometric detectors [5,13-15] however these 
methods are tedious, expensive and time consuming. Electrochemical sensing techniques 
have been growing in interest because they are generally of simple operation (in terms of 
sampling and processing), low cost and the response can be obtained immediately at the 
site of analysis or point of care. However the electrochemical determination of xanthine 
is not so simple and there are some issues that need to be taken into account.  
One of the main problems for the determination of purines is that the oxidation 
potentials of these analytes are very similar to those of other electroactive components 
and with other purines and can compromise the selectivity of the method. Xanthine for 
example has a similar potential to guanine and adenine. Cyclic voltammograms detailing 
the response of some purines at a glassy carbon electrode are shown in Figure 8-2. 
Moreover, the oxidation of xanthine therefore can require a relatively large detection 
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potential which, as discussed in Chapter 6, can compromise those sensors based on a 
chronoamperometric detection methodology.  
 
 
Fig 8-2: Cyclic voltammograms of different purine 
compounds at a glassy carbon electrode in Ph 7 buffer.     
Scan rate 0.1 V/s 
 
 
 
The potential of uric acid is considerably different from that of xanthine and, as 
such, it could be possible to distinguish between them using a single voltammetric scan. 
However, the large anodic potential required to oxidise the xanthine can be problematic 
in a real sample where other species may also be oxidised. Fast scan cyclic voltammetry 
at a carbon fiber electrode has been successfully used for the simultaneous determination 
of xanthine, hypoxanthine and uric acid [16]. Another alternative and the strategy being 
investigated here involves the use of enzyme biosensors as they offer highly selective 
analyte/substrate recognition and thereby can allow a route through which to avoid 
possible interferences such as uric acid. Biosensors based on Xanthine Oxidase are one of 
the most common approaches for the determination of xanthine [2,3,17-22].  
The sensing strategy for xanthine biosensors is based on the indirect determination 
of H2O2 production or O2 consumption. Monitoring the consumption of O2 has some 
issues, biological samples contain a relatively high concentration of O2 and it can be 
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difficult to detect the small amounts of O2 consumed. The indirect determination of 
xanthine or hypoxanthine by the evaluation of H2O2 produced is much easier because 
biological fluids normally do not contain H2O2. However the high potential at which 
hydrogen peroxide is oxidized may still compromise the selectivity of the biosensor and 
supposed advantage of the molecular recognition provided by the enzyme will be lost. 
Uric acid which is present in most biological fluids will interfere in the sensing process 
because it is oxidizable at the potential at which hydrogen peroxide is oxidized. Different 
strategies have been raised to overcome this problem. Usually the use of mediators such 
as CuPtCl6, 1,1-dimethylferricinium or osmium-poly(vinylpyridine) can easily solve the 
problem. The mediator acts as a redox acceptor which can be oxidized at lower 
potentials. The use of a less positive potential for the determination of xanthine also 
increases the lifetime of the sensor avoiding the use of extreme potentials. Another 
approach that was recently reported is the use of a Pt electrode covered with a 
polyelectrolyte multilayer film (PMF) composed by poly (allylamine hydrochloride) 
(PAH) an poly(vinylsulfate) (PVS) in combination with xanthine oxidase. The 
polyelectrolyte film blocks the surface of the electrode from uric acid but remains 
permeable to hydrogen peroxide [17].   
The construction of enzyme biosensors has some concerns. Enzyme immobilization 
is one of the most important steps in the construction of enzyme biosensors. The enzyme 
needs to be immobilized in a manner that the enzyme upholds its conformation to 
preserve its activity. Different techniques have been reported for the immobilization of 
xanthine oxidase on the electrode surface. It has been immobilized by entrapment in nano 
Na2CO3, where the highly hydrophilic properties of the latter provides a comfortable 
environment for the enzymes which retain most of their activity [2]. The 3D structure of 
the nanoparticles results in a high surface area for enzyme attachment – immobilisation 
being achieved through cross linking with glutaraldehyde. A novel immobilization 
strategy was reported by Renayldo Vilallonga and co-workers where they modified 
xanthine oxidase with 1-adamantanyl residues to immobilize the latter in a 
supramolecular architecture with cyclodextrin with the enzyme reported to retain 82% of 
its initial activity [17].  
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Another issue to consider is that the catalytic centre of the enzyme is normally 
located deep in the structure of the enzyme which is difficult for the direct transfer of 
electrons to the electrode surface. The small size of nanoparticles has been used to 
facilitate the transfer of electrons from the catalytic centre to the electrode.  A variety of 
micro-nano materials have been used for this purpose. Gold nanoparticles have shown to 
retain most of the activity of the biomolecule and together with its high surface area, and 
good electronic properties create an excellent material for the construction of biosensors 
[4, 18, 23].  A novel material that has been used in combination with gold nanoparticles 
and mineral oil for the determination of xanthine and hypoxanthine is glassy carbon 
microparticles resulting in a novel glassy carbon paste biosensor [18]. The authors 
suggest that the immobilization of the enzyme by the incorporation of the latter in the 
paste is superior for the conservation of the enzyme bioactivity than if the enzyme were 
immobilized onto the gold nanoparticles alone. Platinum electrodes have been often used 
as a base material but this has more to do with providing a conduit for the detection of the 
peroxide than stabilising the enzyme [17, 21].  
The approach being taken in this chapter involves the non covalent encapsulation of 
xanthine oxidase within a patterned durapore filter-polycarbonate-carbon matrix. The 
sensor is built on a novel platform that allows an easy incorporation of the enzyme 
without losing the enzyme freedom and therefore it could be anticipated will retain 
activity. The approach is relatively generic and offers a simple route to other analyte 
sensing strategies through simply changing the enzyme. There are no immobilisation 
issues and, as such, it offers a procedurally simple alternative to conventional polymer 
entrapment of gluteraldehyde cross linking.  Monitoring the levels of xanthine is most 
commonly done in serum, blood and urine but few reports have been done in saliva. 
Given that there is a clear relation between extreme exercise and oxidative damage - the 
present chapter aims to develop a new biosensor which facilitates the study of oxidative 
stress resulting from overexercise in animals rather than humans.  
The interest in animals follows on from the initial animal welfare investigations 
outlined in Chapter 4. Again the focus was on horse, donkey and llama saliva samples 
given the possibility of abuse relating to overexercise – whether as a consequence of 
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sport (horse racing), leisure (ie beach donkey) or work (pack animal) activities. The 
studies were meant to complement those investigations by providing a more specific 
indicator rather than the thiols (Chp 4) or ascorbate (Chp 6) which are indicative of 
general wellbeing. To the best of our knowledge no reports have been conducted on the 
determination of xanthine in saliva as a biomarker of oxidative stress. 
8.3. Experimental Set-up 
All reagents were of the highest grade available and were used without further 
purification. Xanthine oxidase was purchased from Sigma-Aldrich, Xanthine solutions 
were prepared by dissolving the solid initially in a small volume of 0.1M NaOH and then 
adjusted with BR buffer to pH 7.  Electrochemistry was conducted with a μAutloab 
computer controlled potentiostat. A three electrode configuration was used, the filter 
biosensor acting as a working electrode, Ag/AgCl (3M KCl) as reference electrode and Pt 
wire as a counter electrode. All electrochemical measurements were done at 22±2ºC in 
0.4M BR buffer. Chromatographic experiments were conducted with an Agilent HPLC 
1200 series. The column was an ODS (1) sphereclone 3µm particle diameter. The mobile 
phase consisted of 30mM phosphate buffer (pH 7) at a flow rate of 0.7 mL / min. A CO2 
laser (Cad Cam Technologies) was used for the construction of the filter paper sensor. 
  
8.3.1.Sample Collection. 
Saliva samples were collected with a baby sterlin buccal swab, the device was 
swabbed over the mouth of the subjects and the cotton/saliva soaked portion cut off and 
placed in an eppendorf with 0.75µL 0.1M Na2SO4 to stop the action of any enzymes that 
may be present with the saliva fluid. The high concentration of salt also helps to 
precipitate the proteins from solution. After the chemical treatment, samples were 
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centrifuged at 4,000 rpm during 30 minutes to eliminate the proteins. The samples were 
then stored within a fridge/freezer at under 4 ºC until use. 
 
8.3.2. Electrode Construction 
For the construction of the sensor, a durapore® membrane filter of 0.22µm pore 
size was used as a platform for the enzyme immobilization. This serves as a 3D mesh 
framework through which the enzyme can, in principle freely move and thus has little 
impact on the activity. The filter is then encased in a polycarbonate-carbon sleeve 
(prepared using the method described in Chapter 5). The filter pore structure prevents the 
polymer/carbon particles from encroaching into the filter and localises the conductive 
material at the interface. This essentially creates a sandwich type arrangement in which 
the enzyme is free to move within the centre of the framework with the polymer-carbon 
layers serving as the detection conduit. A hole is created in the top polymer layer which 
allows the sample fluid to diffuse into the filter network and thus reach the enzyme – but 
the same network retards the loss of the enzyme to the external solution. In one sense it 
acts like a frit. The filter was pre-patterned with a CO2 laser to define a working area 
within which the enzyme would be entrapped and effectively stops its movement along 
the either mesh framework. The basic design of the filter is shown in Figure 8.3.  
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Figure 8-3: SEM image of the filter after laser treatment and  a sketch of the 
filter pattern. 
 
 
Different filters were used to encapsulate the enzyme along with the mediator but 
preliminary experiments found that the best results were obtained with Durapore ® 
membrane filters (Polyvinylidene fluoride, PVDF) 0.22µm pore diameter. The filter 
needs to be able to entrap the enzyme but if the diameter of the pore mesh that constitutes 
the framework of the filter is too large, the enzyme will leak into the sample solution. The 
laser was used to produce selective melt zones which effectively seal the pores and 
creates a barrier against solution transport along the length of the durapore filter. The 
selection of the laser conditions is vital as if the power is too high it will ablate the 
polymer resulting in holes rather than melt the filter material. The conditions of the laser 
are shown in Table 8-1.   
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Table 8-1: Laser conditions  
 
The first circle has a 3mm diameter and was intended to contain the enzyme and the 
mediator in a defined area, the second circle was built as a physical barrier to avoid the 
enzyme and mediator dispersing throughout the filter. The holes were used to attach the 
carbon polymer to the filter and prevent the polymer from peeling from the filter. The 
SEM image of the filter after laser patterning is shown in Figure 8-3. Different laser 
power was used to pattern the filter, Number 1 shows the result of the appliance of a 
power of 10 which was used to make the holes on the side to attach the carbon filter, as it 
can be appreciated from the SEM picture, the porous nature of the filter is completely 
destroyed at that point by the laser. Number 2 shows the result of the appliance of the 
laser at power 5 to make the physical barrier to contain the enzyme and the mediator in a 
defined area, the porous nature of the filter is also destroyed but without burning the filter 
or making any hole. Number 3 shows the natural porosity morphology of the filter 
without any laser treatment. It is within the latter area where the enzyme and mediator 
will be encapsulated. A number of different enzyme/mediator ratios and the best results 
were obtained with 6 μL of the enzyme (10 mg/mL) and 1.5 μL of 25mM mediator. The 
solutions were allowed to evaporate and then coated with the polymer-carbon composite. 
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Another interesting finding was that the activity of the enzyme was better conserved 
if the enzyme was added before the mediator. Once the enzyme and the mediator were 
immobilized onto the filter, the latter was immersed in the carbon-polycarbonate solution. 
One of the hypotheses that could explain why the enzyme activity was best conserved if 
the enzyme was added previous to the mediator is that the mediator solution once dry can 
act as a protection layer in front of the dichloromethane (DCM) used in the preparation of  
the carbon polymer solution (Chapter 5) and which will probably damage the enzyme in a 
more drastic way. After the carbon polymer was dry, a connection was made with copper 
tape and then the sensor was immersed in a solution of polycarbonate (no carbon) 
dissolved in DCM to insulate the sensor. To expose the enzyme and mediator, a hole was 
introduced directly above the 3mm entrapment zone and pierced through the polymer 
layers exposing an access pathway to the underlying filter network.  
8.4. Results and Discussion 
8.4.1. Saliva,  A Biological Tool: Chromatographic Studies  
As saliva is a complex matrix, a chromatographic method was developed to 
separate and analyse the different components and to quantitatively study the differences 
between the purine species. A standard mixture containing 1mM of allantoin (A), uric 
acid (UA), creatinine (CR) and xanthine (X) in Na2SO4 was injected into the HPLC prior 
to conducting the actual saliva analysis.  
The main difference between humans and animals in the salivary content was the 
high levels of uric acid in human saliva if compared with the results obtained in the 
analysis of saliva of different animals. This can be explained through the absence of the 
enzyme uricase in human biochemistry which converts the urate to allantoin [6]. In 
humans uric acid can have a protective role as an anti-oxidant - being oxidized by 
reactive oxygen species to allantoin and thereby protecting the body.  
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Figure 8- 4: Chromatograms detailing the analysis of  different 
human saliva samples 
 
 
Figure 8-4 shows the chromatograms obtained from the injection of human saliva. The 
sample pool is very limited but a number of interesting features can be extracted from the 
profiles highlighted in Figure 8-4. The content of creatinine was found to be higher in 
males than in females and there is no detectable xanthine in any. Kochańska. et al [24] 
reported that the content of human salivary xanthine is between 0.88µM and 1.58µM. 
The low content of xanthine in human saliva could be the reason why it was not possible 
to quantify this analyte in the above samples. The chromatograms highlighted in Figure 
8-5 stands in marked contrast to the human study with xanthine found in all of the animal 
samples. 
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Figure 8-5 : Chromatograms obtained from   donkey, sheep,  llama and human saliva 
compared to the standard analyte chromatogram (black line) 
 
 
 
A calibration graph of xanthine was prepared and quantification of xanthine in 
saliva from different llamas was carried out. To study the stability of the sample under 
0.1M Na2SO4, the same analysis was performed during different days. The results (Table 
8-2) showed that the sample was stable after 5 days and that Na2SO4 inhibits the action of 
any enzyme present in saliva.  
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Table 8-2: Xanthine amounts obtained from llama’s saliva  
 
The results (Table 8-2) showed that saliva has a high content of purine metabolites 
and could be a non invasive way to evaluate the wellbeing of animals and individuals. 
The chromatographic analysis of saliva shows some interesting results and HPLC has 
been shown to be a useful tool capable of separating and quantifying the content of purine 
metabolites. However, the chromatographic analysis of saliva is tedious- the sample 
needs to be treated to precipitate the proteins, is time consuming - each analysis taking 20 
minutes and requires a high level of expertise to interpret and subsequently quantify the 
respective components. It is clear that a more accessible and simple analytical option 
would be required.   
 
8.4.2. Electrode Characterization 
Among all purine metabolites it was decided to focus the investigation in the 
detection of xanthine because it is an interesting biomarker of different disorders as 
explained in the introduction. Moreover, the enzyme xanthine oxidase is readily available 
in a highly active form and could be readily integrated into an electrochemical device – 
which could ultimately be as simple to use as the commercial glucose meters. The next 
step was to study whether or not the device building process would affect the xanthine 
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enzyme and to ensure that it would respond to xanthine. The conventional sensing 
approach would be to measure the production of hydrogen peroxide by the enzyme in the 
presence of the substrate. As mentioned previously, the detection of hydrogen peroxide 
normally requires a high oxidation potential - this will compromise the selectivity of the 
signal and will shorten the life of the sensor. To overcome this problem, a mediator was 
incorporated into the sensing strategy. The mediator needed to be relatively insoluble in 
aqueous solutions, to avoid the leaching of the latter during the sensing process and must 
possess a low oxidation potential to overcome the interference of other analytes that it 
can be present in real samples. In addition, it needs to be electrochemically reversible and 
that it will react rapidly with the enzyme. Ferrocenyl Methanol was chosen because it is 
sparingly soluble in aqueous solutions, is reversible and has an oxidation potential around 
0.3V vs Ag/AgCl.  The sensing strategy to be adopted is highlighted in Scheme 8-1.  
 
Scheme 8-1: Sensing strategy 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The electrode design outlined in Figure 8-3 takes a novel approach to biosensing 
so rather than immediately start with xanthine oxidase – preliminary investigations of the 
design construction, operation and fabrication optimisation were conducted using glucose 
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oxidase as a biocomponent as it is relatively cheaper than the xanthine oxidase and its 
electrochemical behaviour has been extensively studied.  
Voltammetric measurements of the filter device were conducted with a three 
electrode system; the working electrode was the filter sensor, Ag/AgCl acting as a 
reference electrode and Platinum wire as a counter. A drop of BR buffer (pH7) was added 
to the electrode surface and 10 voltammetric scans were run to stabilise the sensor 
response. The peak current increased proportionally with the first 6 scans and then 
remains constant. This may be due to the filter slowly absorbing the solution and 
therefore the surface of the electrode in contact with the solution increases. As the 
electrode area is proportional to the electrochemical signal, the signal will increase with 
the activation of the electrode area. 
Cyclic voltammograms detailing the typical response of the enzyme in the 
presence of both mediator (ferrocenyl methanol) and substrate (glucose) within the 
prototype device are shown in Figure 8-6. A good catalytic response was obtained in the 
presence of glucose and confirms the analytical viability of the model system. 
 
 
Figure 8-6: Cyclic voltammograms detailing the response of a glucose oxidase/ferrocenyl methanol  
mediated system to increasing concentration of glucose. Scan rate: 50 mV/s 
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Cyclic voltammograms showing the catalytic behaviour of the mediated xanthine 
biosensor are shown in Figure 8-7 and provides a profile not dissimilar to those observed 
with the glucose system. Xanthine oxidase catalyses the oxidation of xanthine to uric 
acid, the electrons produced in the reaction will be accepted by the ferrocene derivative, 
which acts as a cofactor replacing dioxygen, The enzyme is returned to its oxidised state 
and the ferrocene is reduced. The reduced form of the ferrocene derivative is then 
oxidised at the electrode surface with the current produced being related to the 
concentration of the xanthine. The small current of the cathodic peak of ferrocene is 
because the ferrocene is chemically reduced by the enzyme. 
 
 
Figure 8-7: Cyclic voltammograms showing the catalytic behavior of the 
mediated enzyme biosensor.Scan rate 0.1 V /s  
 
In a normal response for a mediated catalysed enzyme reaction, a large anodic 
current is expected with a limiting or plateau current. In Figure 8-8 it can be observed 
that there is an absence of this plateau current, instead we observe an anodic current after 
0.6V greater than that obtained with the catalytic reaction. This can be attributed to the 
direct oxidation of xanthine. This feature was not observed with the glucose system as the 
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glucose is electroinactive at the carbon electrode. The main point to be taken from the 
experiment is that the xanthine oxidase remains active after the fabrication process and is 
capable of catalysing the oxidation of xanthine. The mediated system will also allow the 
imposition of lower detection potentials and hence avoids the need to extend the range to 
the large anodic potentials required for the direct oxidation of the analyte as indicated in 
Figure 8-7.  
The next step was to establish the linearity of the sensor as shown in Figure 8-8. 
The anodic peak was found to increases linearly with the increase in xanthine 
concentration.   
 
 
 
 
 
 
Figure 8-8: Cyclic voltammograms in 0.4M BR-buffer  (pH 7) of the mediated xanthine 
oxidase biosensor obtained by the addition of different xanthine concentrations. Scan rate 
1mV/s 
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It is likely that the development of the sensor to a portable format would require a 
chronoamperometric detection methodology – given the considerable instrumental 
simplicity offered and again mirror the type of technology exploited in the glucose meter 
systems. Thus, to further confirm the ability of the sensor to quantify xanthine, steady 
state chronoamperometry measurements were conducted. In order to avoid the noise 
caused mainly by the magnetic stirrer, the set up was placed within Faraday cage. The 
potential applied was +0.3V and the electrolyte was BR-buffer (pH7) and the 
amperometric response detailed in Figure 8-9 
 
 
 
Figure 8-9: Steady state chronoamperometry of the additions of xanthine with the 
composite biosensor. 
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 A linear dependence of the amperometric response with the biosensor operating at 
0.3V was found in the linear range between 50-250µM (R2 = 0.998). The data obtained 
with the steady state chronoamperometry was subsequently evaluated with a Lineweaver-
Burk plot (Figure 8-10). The immobilized enzyme showed Km and Vmax values of 1,26 
mM and 2,15 µmol/s respectively. The Km was higher than the corresponding native 
enzyme Km = 0,45mM suggesting that the affinity of the enzyme for substrate is 
attenuated after entrapment. This results were, to some extent, expected as in the 
entrapment process, the enzyme will lose some freedom and therefore some activity, 
however this value is better than the values found in previous publications, Villalonga 
and co-workers developed a sensor with 9.9mM and another with 2,1mM, This fact 
corroborates the ability of the filter paper sensor as a platform for enzyme entrapment. 
 
 
 Figure 8-10: Lineweaver-Burke plot of the data obtained with chronoamperometry 
measurements detailed in Figure 8-10  
 
When the sensor was tested with saliva, a high response was obtained but it was 
envisaged that this was not only due to xanthine. Given the ability of ferrocene and its 
derivatives to catalyse the oxidation of ascorbate (as indicated in Chapter 6). It is highly 
possible that the vitamin response to the mediator results in an artificial amplification of 
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what should be the xanthine response.  In order to avoid the interference of ascorbic acid 
we coated the biocomposite with Nafion. The latter forms a polymer containing sulphonic 
acid (R-SO3H) groups which when place in aqueous solution result in the polymer 
acquiring a negative net charge. This polymer has been extensively used to remove the 
interference of ascorbate however in the attempts to coat the filter electrode resulted in a 
loss of activity. No response to xanthine was observed and could be attributed to either 
the solvents used for coating the filter denaturing the enzyme or the simple fact that the 
xanthine, like ascorbate, is excluded from the device.  
The next approach was to investigate the possible use of copper oxide to eliminate 
ascorbic acid. A thin layer of copper oxide was deposited in a centrifugal filter placed 
within an eppendorf. An aliquot of ascorbic acid (200µL, 10mM) was added and left to 
react.  The rationale was to exploit the capability of copper oxide as a catalytic surface 
through which to oxidise the ascorbate. After a period of 45-60 minutes, the sample was 
centrifuged at 2000 rpm during 10 minutes. The centrifugation force is a crucial step, the 
speed needs to be high enough to allow the flow of the solution through the centrifugal 
filter of the eppendorf but slow enough to encourage the ascorbate to slowly filter 
through the copper oxide and thus come into contact with it. The copper oxide particles 
are retained in the filter and the sample (hopefully minus ascorbate) is collected in the 
filtrate.The results obtained after filtration showed that the ascorbate had been largely 
eliminated. Unfortunately time constraints on the project prevented the transfer of this 
approach to the prototype filter but would obviously be an avenue for further 
development.  
8.5. Conclusions 
The chromatographic studies of saliva demonstrate the potential of this biological 
fluid as a non invasive screening method to assess and study the levels of oxidative stress 
in the body. The development of a more portable and simple approach was made by the 
construction of a novel biocomposite electrode which builds on the work in previous 
chapters but has resulted in a generic design allows the rapid production of reagentless 
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bioprobe. The biocomponent was found to provide the selectivity required for the 
evaluation of complex matrixes and offers an alternative to chromatographic methods. 
The fundamental characterisation of the electrode design has been conducted but future 
work would involve a more robust investigation of the sensor performance in real 
samples. Chromatographic analysis has confirmed the presence of measureable quantities 
of xanthine in saliva and the application of the biosensor could be directed towards the 
follow-up of oxidative stress in animals such as race horses or pack animals.  
The novelty of the approach takes root in the platform used to immobilize the 
enzyme. Durapore® membrane filters were shown to be a good base for enzyme 
immobilization with the Km being quite similar to the one of the native enzyme which 
implies that the enzyme does not lose much of its activity upon entrapment. Another 
advantage is that the enzyme immobilization does not need any pre-treatment and it is 
done simply by drop casting the enzyme into the filter paper. The entrapment of the 
mediator within the electrode can also serve as the basis of reagent free sensor – requiring 
only the addition of the test sample. The influence of ascorbate was found to be 
problematic but a possible remedy has been identified through the use of copper oxide 
particles. The latter requires further work to establish its applicability but clearly lays the 
foundations for further development of the sensor. 
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_____________________________________________________________________ 
 
Chapter 9 
 
Phosphate Detection: Assessing the Generic Applicability of 
the Filter Sensor 
 
_______________________________________________________________________ 
 
Abstract 
 
The previous chapter introduced the use of a filter network as a platform for 
enzyme entrapment. The work presented herein evaluates the transfer of the technology 
from one context to another and focuses, in this instance, on phosphate detection. This 
necessitates the replacement of the enzyme and the inclusion of additional co-factors.  
Pyruvate oxidase was selected on the basis that it catalyzes the conversion of pyruvate to   
acetyl phosphate. The enzyme reaction only proceeds in the presence of phosphate and 
involves a redox reaction that is similar to that utilised with the xanthine oxidase. The 
present chapter describes the first steps for the development of a promising pyruvate 
oxidase biosensor for the determination of phosphate however the transfer encountered a 
number operational issues – principally the competition of molecular oxygen. Its role and 
influence has been elucidated and a number of options highlighted that could lead to the 
further development of the sensor. 
 
The work presented in this chapter has been accepted for publication within the 
Journal of Molecular Catalysis B-Enzymatic 
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9.1. Introduction 
The detection of phosphate in surface waters is important for the assessment of 
nutrient transformations from biogeochemical and ecological viewpoints and ever 
increasingly, from a regulatory and legislative standpoint [1-2]. The latter reflects 
increasing concerns of eutrophication of inland waterways by agricultural run off and 
other anthropogenic inputs [3-12]. Recent figures from UK government sources (Dept of 
Environment Farming and Rural Affairs) point to over 60% of river lengths in England 
possessing phosphate concentrations greater than 0.1 ppm and it is estimated that 40% of 
phosphate in inland water arises principally from agricultural sources. Such figures will 
obviously vary markedly depending on regional and seasonal factors [9,10]. 
Nevertheless, there is a clear need to monitor the concentration of such species in order to 
aid the balanced and sustainable management of water resources. Detecting the diffuse 
agricultural sources from which excessive amounts of phosphate are released to water 
courses is however a considerable challenge and it could be argued that field based 
measurements could be used to provide a versatile and indeed potentially invaluable 
screening option. 
The interest in the use of field based measurements stems from a need to provide 
quick on-site assessments that could cover a greater geographical spread while obviating 
much of the costs, time delays and issues of sample integrity associated with traditional 
laboratory based analysis [1, 2].  Methods that allow for rapid detection are clearly of 
benefit when considering field measurements but there are numerous other practical 
considerations that must be weighed. While a variety of colorimetric spot test kits are 
commercially available and possess supreme portability, they can be prone to interference 
and provide, at best, qualitative results. The need for quick and quantitative site 
evaluations that can be conducted by non expert investigators could be addressed by the 
use of electrochemical detection methods. Issues of miniaturization, portability and 
operational simplicity have been addressed by various detectors commonly employed 
within decentralised sensing [12-14]. The extrapolation of such technologies to yield a 
viable technology platform for field testing of phosphate would appear feasible but issues 
of selectivity and sensitivity must be clarified [14,15]. 
 
Chapter 9:  Phosphate Detection                                              222 
Various detection strategies for phosphate have been proffered and include 
phosphate ion selective electrodes based on potentiometric techniques [16-30], indirect 
voltammetric detection based on the reaction of phosphate with various metals and 
associated complexes [31-40], and the development of sensors exploiting enzymatic 
reactions [41-67]. The aims of this chapter are to place these competing technologies 
within a critical framework that compares the merits and limitations of each, highlights 
the progress that has been made in recent years and investigate the application of the 
composite methodology developed in previous chapter for the production of a sensor 
capable of detecting phosphate.  
Phosphates can exist in several forms depending on the source/nature of the 
discharge but are generally grouped within three broad classes: orthophosphates, 
condensed phosphates (pyro-, meta- and poly-) and organic phosphorus [1, 2]. The 
present chapter concentrates primarily on the determination of orthophosphate – the 
principal component within agricultural run off and the target to which most field based 
measurement are / will be designed. Instrumental techniques have long dominated 
phosphate detection with spectroscopic and flow injection / ion chromatographic 
methodologies routinely used for laboratory based analysis [68-76]. These are not 
considered in great detail here but, rather, are used for comparative purposes where 
appropriate. The material contained within the following discussion covers the 
application of electromolecular technologies in the broadest sense, but focuses on the bio-
electrochemical interface that is increasingly being examined for environmental 
phosphate determination. Restricting the remit of the discussion to those reports solely 
based on environmental contexts has been avoided. A more general approach has been 
taken where the evolution of technological features that could, irrespective of proposed 
application, subsequently be adapted and harnessed within an environmental context are 
presented and critically appraised. 
9.2. Potentiometric Detection 
Potentiometric detection is one of the earliest direct electrochemical approaches 
taken to the detection of phosphate and has the attraction of possessing numerous 
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advantages when considering the development of sensing technologies, The recording 
instrumentation is inexpensive to produce, highly portable and it could be envisaged that 
the operational qualities would mirror those adopted within other ion selective electrode 
(ISE) sensors. While these features would appear to offer a mature foundation from 
which a sensor could be readily fabricated, the acquisition of sufficient selectivity and 
sensitivity to operate at the concentrations reported within the DEFRA analysis (typically 
below 0.1 ppm) remains problematic. Various approaches have been investigated and 
typically fall within the following divisions: 
 
1)  Metal / metal phosphate 
2)   Solid state membrane electrodes 
3)  Heterogeneous metal membrane electrodes (Metal phosphates covered with 
polymeric membranes) 
4)  Liquid ion exchanger 
5)  Redox electrodes 
 
The merits and limitations of these have been reviewed [16] but there have been a 
number of subsequent developments that have sought to overcome the poor selectivity 
and advance the attractiveness of a phosphate ion selective electrode (PISE) systems. The 
measurement of phosphate concentration in a sample by a PISE depends on the change in 
potential as phosphate sample is added. Selectivity has to be the major criterion applied 
to any proposed PISE because related ions could also affect the potential and thereby 
interfere with the analytical signal.  The design of a phosphate selective membrane 
however has proven to be difficult. In the first instance, the phosphate molecule is of a 
size that makes it difficult to devise a macrocyclic host-guest interaction that possesses 
sufficient specificity for that particular moiety. Also, the molecule is very hydrophilic due 
to the four oxygen atoms attached to the phosphorous atom. This demotes phosphate to 
the bottom of the Hoffmeister selectivity series, i.e.: 
 
ClO4- > IO4- > SCN- > I - > NO3- > Br - > Cl - > NO2- > HCO3- > SO42- > HPO42- 
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This means that the selective element of a potential PISE has firstly to reject the 
more lipophilic ions, then select for the least available ion. Many of the early PISE’s 
failed by responding to ions other than phosphate.  Some progress has been made with 
the use of metal / metal phosphate class of PISE in recent years with bismuth phosphate 
[17] and silver orthophosphate [18] as the selective components. While selectivity has 
increased with the developments in this field, there is still significant interference from 
chloride, bromide, iodide and sulphide.  
A distinct group of PISE that has demonstrated some success for phosphate 
determination is based on a cobalt / cobalt oxide electrode [19-21]. The response 
mechanism is subject to some debate, being either a host - guest relationship [20] or a 
mixed potential response [21]. Nevertheless, it has been shown to be capable of detecting 
phosphate to 0.1 ppm (1 μM) whilst retaining a high degree of selectivity. Another 
promising development of PISE has been found with the use of organic complexes of tin. 
Electrodes made from PVC impregnated with different forms of organotin were found to 
be selective for phosphate and other oxyanions [22-25]. The tin (IV) centres facilitate 
binding of the oxygen atoms of the phosphate molecule and the organic complex 
increases this binding by withdrawing electrons from the tin. This electron withdrawing 
property, and consequent phosphate selectivity, could be further increased by replacing 
alkyltin compounds with benzyltin [23]. The more powerful electron withdrawing 
aromatic rings lower the Hammett constant [24] and provide superior selectivity to 
phosphate when considering the other Hoffmeister series anions. The main drawback of 
using the organotin membrane includes a short lifetime due to hydrolysis in the 
membrane.  
Indirect detection through the formation of secondary components has also been 
investigated and typically exploits the interaction of metal ion with phosphate. This 
approach is based around the detection of the metal ion whose removal through the 
formation of an insoluble phosphate complex can be inversely related to phosphate 
concentration. Chief examples are molybdate[26], lead [27], cadmium [28] and silver ion 
selective electrodes [29]. A similar approach was taken with fluoride where the 
corresponding ISE was used to detect the release of the halide ion from its aluminum 
complex through the preferential binding of the phosphate [30].  While in principle these 
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methods are relatively sensitive – selectivity within complex media is questionable where 
other, similarly competitive, complexation reactions are liable to impact on the analytical 
performance. 
9.3. Voltammetric Studies 
Orthophosphate is not directly accessible to voltammetric studies and strategies 
adopting this methodology almost invariably rely upon the indirect association with 
molybdate complexes. The protocols are normally derived from the spectroscopic assay 
developed in the 1920’s and are based on the blue coloured phospho-molybdate complex 
formed from the reaction of ammonium molybdate and orthophosphate [1,2].  
 
PO43- + 12 (NH4)2 MoO4 + 24 H+ > (NH4)3.12MoO3 + 21 NH4+  + 12 H2O 
 
The voltammetric signal can be detected using a bare glassy carbon electrode at a 
potential of +1.3V and has been reported to offer detection limits in the micromolar range 
(typically 0.5 ppm, 5 μΜ). These compare favourably with many of the conventional 
spectroscopic procedures. However, the reaction is slow and can be prone to interference 
from a variety of sources (heavy metals, proteins). Nevertheless, several electrochemical 
methods have been successfully based on this reaction [31-39].  The main drawbacks 
relate to the very large operating potential – essentially at the limits of the electrode 
window and which could elicit responses form other matrix constituents.  
An alternative approach employing host-guest interactions has also been the 
subject of voltammetric studies. Based on the cyclic oligosaccharide β-amino-
cyclodextrin [22], phosphate was detected indirectly through the preferential 
displacement of ferrocene derivatives from the cavity of the macrocycle. The initial 
addition of the cyclodextrin derivative reduces the amperometric peak current response of 
the ferrocene. This is due to the complexation of the ferrocene by the CD host. Adding 
the phosphate ion to this mixture produces a cyclic voltammogram which corresponds to 
free ferrocene. There have been attempts to attach cyclodextrins to gold [40] for 
attachment to electrodes. The voltammetric studies though technologically promising 
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have yet to be submitted to a more rigorous analytical appraisal. Nevertheless, the 
voltammetric method does appear to offer a viable route than but, as yet, there is no 
phosphate selective device based on a carrier made from a cyclodextrin. 
9.4. Phosphate Biosensors 
The principal problem in the development of a phosphate sensor clearly centres 
on the acquisition of selectivity. Thus far, electrochemical methodologies appear unable 
to provide sufficient answers when confronted with real samples and there has arguably 
been an impasse in the evolution of traditional technologies. Potentiometric techniques 
lack a suitably specific ionophore while voltammetric approaches suffer from the redox 
inaccessibility of the phosphorus centre ion under aqueous conditions. The increasing 
interest in biosensing approaches however offers an alternative route that could provide 
greater selectivity through exploiting the molecular recognition capabilities inherent to 
biological catalysts. Orthophosphate has many roles within biological systems and a 
multitude of enzymes are responsible for the specific transfer of the anion to and from 
various organic carriers. The main questions that need to be addressed relate to how such 
biological components could be harnessed for the detection of phosphate and how they 
can be integrated within conventional electrochemical architectures.  
Despite the promise of high selectivity, phosphate selective enzymes are not 
readily amenable to direct electrochemical interrogation. Biosensing detection 
methodologies commonly employ the electrochemical detection of either the enzymatic 
consumption of molecular oxygen or the production of hydrogen peroxide byproduct. 
One of the few, single enzyme, designs to adopt this approach for the detection of 
phosphate is based on pyruvate oxidase (POD) [41-44]. The reaction involves the 
conversion of pyruvate to acetyl phosphate. The reaction scheme is shown in Figure 9-1 
with the concentration of phosphate being inferred from the amperometric measurement 
of either oxygen depletion (A) [41] or the increase in concentration of hydrogen peroxide 
(B) [42].  
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Figure 9.:  Pyruvate oxidase sensing system allowing phosphate concentration to be quantified through 
detecting A) the consumption of oxygen or B) the production of peroxide. 
 
These detection systems have the attraction of being relatively simple to 
implement – being built around mature electrochemical techniques – but they do 
possesses a number of limitations. Attaining a stable signal can make the measurement of 
oxygen relatively slow or ambiguous with the magnitude of the signal dependent upon 
the concentration of dissolved oxygen within the sample – which may be problematic for 
some anoxic waters. The oxidation of peroxide is hampered by poor electrode kinetics at 
conventional electrode materials and requires the imposition of a significant overpotential 
(~ +1V vs Ag|AgCl) before quantifiable currents can be obtained. These can induce a 
degree of interference through the oxidation of other matrix components and may lead to 
an erroneous amplification in the signal. More recent designs have taken advantage of 
mediated systems where oxygen is replaced by an artificial electron acceptor that can be 
regenerated directly at the electrode [43,44]. The current obtained from re-cycling the 
electron shuttle is then related to the concentration of phosphate. The main advantages 
being that vagaries in oxygen tension are removed and the electrode potential required for 
the re-oxidation of the mediator can often be set within a region where the oxidation of 
other matrix components is avoided.  
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 The most commonly employed enzyme in phosphate biosensors however is 
alkaline phosphatase (AP). This enzyme acts upon phosphate ester functionalities and 
will cleave the bond releasing the inorganic orthophosphate and the corresponding 
alcohol derivative. The latter has traditionally been chosen to provide a distinct signal 
that can be easily quantified using conventional spectroscopic) techniques. The classic 
example is highlighted in Figure 9-2A where the hydrolysis of p-nitrophenylphosphate 
releases the chromogenic nitrophenolate ion. The absorbance of the anion (~ 400-420 
nm) can be related to enzyme action and 
is usually exploited as a means of 
quantifying AP and forms the basis of 
countless enzyme linked immunoassay 
protocols [45]. The adaptation of the 
methodology for the detection of 
orthophosphate relies upon the inhibitory 
action of the latter on the hydrolysis of 
the ester substrate. Sample is assayed 
using known concentrations of 
enzyme/substrate with the deviation 
(decrease) of the signal from that 
expected in the absence of added 
phosphate being inversely related to the 
concentration of the latter.  
Electrochemical adaptations rely 
upon the selective and sensitive oxidation 
of the hydrolysis product. The 
nitrophenolate systems are predominately 
used for spectroscopic detection but are also electrochemically accessible. One drawback 
is that the potentials required to oxidise the phenol component (~ +1V vs Ag/AgCl) are 
relatively large and, as with peroxide measurements, can promote interference from the 
oxidation of other components within the sample. A second factor that arises is where the 
oxidation leads to polymeric deposits on the electrode. These tend to block the electrode 
Figure 9-2: Spectroscopic (A) and amperometric (B) 
reaction schemes based on Alkaline Phosphatase 
(AP)
 
Chapter 9:  Phosphate Detection                                              229 
reducing sensitivity and compromising the reproducibility of the technique. An 
alternative approach is to select a label whose oxidation can be achieved at less positive 
potentials. Ferrocenyl [46] or aminophenol [47] derivatives (Figure 9-2B) have been 
investigated as they possesses reversible behaviour (less likely to foul the electrode) and 
can be detected at significantly lower potentials (~ +0.3V). The concentration of 
orthophosphate is determined by the magnitude of the decrease in oxidation current 
recorded at the electrode as a consequence of the inhibition process. There are few 
potentiometric biosystems for phosphate but one approach has successfully harnessesed 
the AP enzyme induced cleavage of phosphate. In this case the ester is based on salicylate 
(o-carboxyphenyl phosphate), Figure 9-3, with the potentiometric detection of the latter 
with an ion selective membrane providing the basis of the analytical signal [48].  
 
 
 
 
 
 
Figure 9-3. Potentiometric detection of phosphate exploiting  
Alkaline Phosphatase (AP) inhibition [48]. 
 
 
The majority of systems using AP tend to combine it with other enzyme catalysts 
– though inhibition remains the key determinant in signal processing. Such systems rely 
upon the synergistic interaction of the multi-enzyme assembly to yield a product 
(typically peroxide) that is electrochemically active and more amenable to detection than 
the labelled esters. The typical arrangement involves the phosphate selective enzyme 
(AP) producing a product which can then act as the substrate for a secondary enzyme 
whose purpose is to produce the electrochemical label. Quantification of the latter can 
therefore allow the amount of phosphate to be determined. Early implementations of 
bienzyme couples involved AP / Glucose Oxidase (GOX) assemblies with glucose-6-
phosphate as the key substrate in the reaction, outlined in Figure 9-4.  
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Figure 9-4:Bienzyme coupling of Alkaline phosphatase (AP)/ Glucose Oxidase (GOX) for the 
amperometric measurement of phosphate [49-52].  
 
Increased sample phosphate inhibits the production of glucose and hence the 
consumption of oxygen is decreased [49-51] as is the yield of peroxide [52]. Immobilised 
enzymes systems are by their nature more complex to produce but such assemblies have 
been proven to operate within a range of environmental matrices and include fresh and 
sea water samples. Interference from heavy metal ions (mercuric, cupric and zinc) can 
occur, but these are not likely to appear in any appreciable concentration in natural 
samples.  The limit of detection for phosphate using the AP / GOX combination was 
typically 0.4ppm (4 μM) and is comparable to those obtained using the molybdate 
systems. 
 Improvements in detection limit can be achieved through the catalytic cycling of 
the hydrolysed label. A number of formats can be pursued but the prime requirement is 
that the label possesses reversible electrochemical behaviour (capable of fast redox inter-
conversion). An early approach successfully exploited for the detection of sub picomolar 
concentrations of AP (and hence could be adapted for orthophosphate – albeit at higher 
detection limits) is outlined in Figure 9-5.  In this case an excess of glucose is employed 
– and maintains the enzyme (GOX) in the reduced state. The electrochemical oxidation of 
the hydrolysed AP product, hydroquinone, produces benzoquinone which is chemically 
reduced through interaction with the flavin redox centre within GOX. A catalytic cycle 
builds up though which the current recorded at the electrode is effectively amplified [53].  
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Figure 9-5.: Signal amplification through the Glucose Oxidase (GOX) promoted enzymatic recycling of 
the alkaline phosphatase (AP) hydroylsis product [53]. 
 
It could be envisaged that the introduction of a sample containing phosphate 
would inhibit AP. Signal amplification would be retained through the HQ/BQ-GOX cycle 
but would be less than that experienced in the absence of the added phosphate and hence 
could offer a means of improving the detection limits currently available to the simple 
AP/GOX system. 
The key strength of alkaline phosphatase is that it is relatively non specific in 
terms of the nature of the phosphate ester upon which it can act. This provides a 
significant operational advantage over some of the other enzymes in that it can be directly 
coupled with a wider range of secondary enzymes. The use of phenylphosphosphate is an 
important example as it provides a route through which polyphenoloxidase (PPO), an 
enzyme of directly facilitating substrate recycling amplification, can be incorporated 
within the sensing structure [54]. The basic outline is shown in Figure 9-6 and involves 
the cleavage of the phosphate group by AP with PPO acting upon the phenolic 
component to yield the ortho quinone. In contrast to most redox enzymes systems, the 
detection strategy involves the imposition of a cathodic potential (-0.2V) in order to 
reduce the quinone to the corresponding hydroquinone derivative. The current for the 
reduction will again be inversely related to phosphate concentration in keeping with its 
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inhibitory action upon the AP catalytsed ester hydrolysis.  The major advantage in this 
instance is that oxidation of other matrix constituents can often be avoided. The PPO 
component therefore serves to aid both selectivity and sensitivity providing a detection 
limit of 0.2ppm (2 μM) for phosphate [55].  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9-6:  Alkaline Phosphatase (AP) / Poly phenol oxidase (PPO)  promoted detection of phosphate 
through the electroreduction of orthoquinone [54,55]. 
 
More recent studies have focused on the use of nucleoside phosphorylase (NP) / 
xanthine oxidase (XOD) bioenzyme combination as shown in Figure 9-7A. Nucleoside 
phosphorylase functions only in the presence of orthophosphate, producing xanthine from 
inosine, which is in turn oxidised to uric acid by XOD. A number of detection strategies 
can be employed with this assembly. The level of phosphate can be related to the 
decrease in concentration of oxygen [55-57], the increase in uric acid production [58-60], 
or the increase in H2O2 concentration [56, 60-63]. In general, the limits of detection 
afforded by this method are greater (ppb, sub micromolar) than those with the AP, AP / 
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GOX, or POD enzymes. The ability to exploit the uric acid signal is of considerable 
significance and provides an important operational advantage. Urate is endogenous to 
physiological systems and hence would prove to be a substantial interferent in actual 
analysis of clinical samples [12]. In the context of environmental analysis – few samples 
would be expected to contain the purine and hence the direct oxidation of the base at the 
electrode can be assumed to be derived solely from the enzymatic sensor assembly. The 
advantage of exploiting this label rather than peroxide lies in the relatively low oxidation 
potential of the purine (~ +0.2 to +0.5V). The oxidation of peroxide tends to be 
characterised by the poor electrode kinetics at conventional electrode substrates and large 
overpotentials (~ +0.8 to +1V vs Ag/AgCl) are often needed to extract a quantifiable 
signal [12].  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 9-7: A) Synergistic interaction of Nucleoside Phosphorylase (NP) / Xanthine Oxidase (XOD) for 
the detection of orthophosphate [56-63] B) Catalytic recycling of phosphate through the addition of 
Alkaline Phosphatase (AP) to enable signal amplification [60,64]. 
 
 
The system can be further refined and lower limits of detection achieved however 
through employing substrate recycling. In previous catalytic protocols – sample 
orthophosphate was implicated in the mediation of the AP enzyme activity and the 
hydrolysed orthophosphate was not considered in any great detail beyond contributing to 
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the sustained enzymie inhibition. The hydrolysed alcoholic ester was the chief reagent 
upon which re-cycling was targeted. In contrast, the NP system, Figure 9-7B, focuses on 
recycling the hydrolysed orthophosphate through the addition of AP to the native NP / 
XOD system [60, 64]. Thus, phosphate itself is recycled to act as a substrate again, and in 
an excess of inosine, for every phosphate molecule, a number of hypoxanthine molecules 
are produced to go into the xanthine oxidase catalysed reaction. This leads to 
amplification of the response to phosphate to provide a limit of detection in the sub ppb 
(nanomolar) range. The analytical signal arising from the NP system is directly 
proportional to the concentration of phosphate present and a increasing (positive) signal 
is always preferable to a decrease which could be attributed to factors other than the 
increase in phosphate (ie heavy metal ions). 
Another phosphate recycling 
protocol investigated involved a 
combination of maltose phosphorylase 
(MP) / mutarotase (MR) / AP / GOX 
enzymes biosensor configuration [65-67] 
and is shown in Figure 9-8. In an excess 
of maltose, the introduction of phosphate 
activated MP which cleaves the 
disaccharide whilst also phosphorylating 
one of the glucose moieties. As maltose is 
linked through an α1-4 linkage, the 
unphosphorylated glucose anomer will be 
in the alpha form. Mutarotase is added to 
convert between alpha and beta form as 
only the latter is an acceptable substrate 
for GOX. The inclusion of AP enables the 
release of a further glucose molecule but 
also effectively recycles the 
orthophosphate and effectively sustains 
MP activity.  A catalytic cycle emerges Figure 9-8 . Maltose phosphorylase (MP) / Mutarotase 
(MR) / Glucose Oxidase (GOX) / Alkaline Phosphatase 
(AP) catalytic cycle for the trace detection  
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that, although complex has proven to be very effective for low level phosphate detection 
resulting in a limit of detection in the ppb (10-8 M) range which is sufficient to probe 
endogenous phosphate concentrations within inland riverways. 
9.5. Future Directions and Proposed Methodology 
The basic mechanistic implications of incorporating biological catalysts within an 
electroanalytical framework targeted at phosphate detection have been highlighted. A 
summary of the various approaches that have been taken in recent years to facilitate the 
detection of phosphate is provided in Table 9-1 and compares and contrasts the different 
electrochemical assemblies with spectroscopic methods. It is clear that conventional 
direct electrochemical procedures are unlikely to reach the concentrations necessary for 
onsite testing. It must be acknowledged however that most of the laboratory based 
systems themselves can only achieve the sub ppm detection limits through employing 
sample separation techniques such as IC [68-70], FIA [71-73] or electrophoresis [74-76]. 
None of these approaches are readily transferable to field testing nor for operation by 
inexpert staff. While it could be argued that it is only necessary to identify gross abuses 
and that simpler technologies could be adopted, it is nevertheless important to provide 
nutrient profiles such that trends in the biogeochemical balance, and not just 
anthropogenic inputs, for a particular area can be established. This would require 
reaching the low ppb limits found within water untainted by agricultural, domestic or 
industrial discharge. The amplification routes available to the biological systems could 
comfortably operate within these trace detection limits and are comparable to the more 
sensitive fluorescent techniques [77-79] whilst possessing a more inherent capability for 
field implementation.  Phosphate enzyme systems are widely exploited in biomedical 
research and it should be possible to transfer the technology to environmental contexts 
with relative ease.  
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Methodology  Reagents    LOD  Ref 
                                 /µM 
______________________________________________________________ 
FlA-P   Cobalt Electrode  100 19 
ISE                                      Molybdate Complex  0.06        26 
Amperometric   Molybdate Complex 0.3  36 
Amperometric        POD / O2   1 41 
Amperometric  POD/ H2O2  3.6 42 
Amperometric  NP, XOD, AP  0.01 64 
   Amperometric  MP, MR, GOX, AP 0.01 65-67 
   Ion Chromatography N / A   0.069 68-73 
  Capillary Electrophoresis N / A   0.0051 74-76 
Luminescent Plate  Europium–tetracycline 3 77 
Fluorescent Probe  NP, XOD, HRP                 0.05 78 
Fluorescent PVC Matrix Al-Morin Ionophore 0.2 79 
NP: Nucleoside Phosphorylase; XOD: Xanthine Oxidase; HRP: Horseradish Peroxidase; POD: Pyruvate Oxidase; MP: Maltose 
phosphorylase; MR: Mutarotase; GOD: Glucose Oxidase; AP: Alkaline Phosphatase; FIA-P: Flow injection potentiometric analysis; 
ISE: Ion selective electrode; N/S: Not Specified.  
 
Table 9-1: Analytical Characteristics of Common Phosphate Detection Methodologies                  
 
The matrices are, from an electrochemical sensing viewpoint, simpler as they 
possess fewer sources of electroactive interference. The multi-enzyme assemblies are 
however complex and beyond simple ad hoc fabrication using conventional electrode 
geometries and materials. The adoption of the filter framework explored in chapter 8 
however could offer a much more accessible option – whether for simple or multiple 
enzyme systems as it would simply require the deposition of the enzymes or mixture of 
enzymes within the filter in the same way as done for the xanthine oxidase. There are no 
complex or sequential immobilisation strategies which would unduly compromise the 
enzyme activity. The work presented herein has sought to explore the possibility of 
transferring the technology piloted in Chapter 8 but using pyruvate oxidase (Figure 9-1) 
instead of xanthine oxidase. The former is slightly more complex than the latter as it 
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requires additional co-factors for its operation. The main aims of the investigation were to 
assess the transferability of the entrapment process and the generic applicability of the 
detection strategy.  
9.6. Sample Preparation and Experimental Details 
All reagents were of the highest grade available and were used without further 
purification. A solution of 0.1 M citrate buffer (pH 6.5) containing 70 µM thiamine 
diposphate (TPP), 10 µM flavin adenine dinucleotide (FAD), 3 mM MgCl2 and 1mM 
pyruvate was used as a electrolyte. A solution containing 10  mM of Na2HPO4 in distilled 
water was used as a standard solution for the detection of inorganic phosphate. 
Electrochemistry was conducted with a μAutolab computer controlled potentiostat. A 
three electrode configuration was used throughout, the filter biosensor acting as a 
working electrode, Ag/AgCl (3M KCl) as reference electrode and Pt wire as a counter 
electrode. Anaerobic conditions were achieved by supplying a constant flow of oxygen 
free nitrogen through and over the solution. A CO2 laser (Cad Cam Technologies) was 
used for the construction of the filter sandwich sensor.  
9.6.1. Electrode Construction 
The construction of the electrode was similar to that previously reported in Chapter 
8, however, in this case xanthine oxidase was replaced by pyruvate oxidase. As it will be 
shown in the following sections, different conformations have been studied due to the 
complexity of the enzyme mechanism and the design previously used for the 
determination of xanthine has been modified and discussed more fully in the next section.  
9.7. Results and Discussion 
The first approach was very similar to the one presented in Chapter 8, where the 
mediator and the enzyme were both entrapped within the filter paper. Unfortunately, no 
response to phosphate (2 mM) was observed with this design. It was initially thought that 
the amount of the enzyme incorporated within the sensor was insufficient such that 
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substrate turnover is too low. In order to try and counter this deficiency, the amount of 
pyruvate oxidase was doubled from 0.5 unit to 1 unit but again no response was obtained. 
Dang and co-workers in contrast have reported a reagentless polymer–modified electrode 
for pyruvate oxidase recycling based on ferrocenyl methanol [80]. In principle, this 
should be analogous to the approach taken here but as some of their measurements were 
done by using large amounts of the mediator the amount of mediator entrapped within the 
filter matrix was doubled(12 μL, 25 mM drop cast on to the filter). However the system 
still failed to respond. 
The majority of reports found in the literature are based on the measurement of 
oxygen consumed instead of monitoring the production of hydrogen peroxide [81-83]. 
However, the disadvantages of using such have already been discussed in Chapter 8 and 
it is, in principle, better to use a mediated system – providing of course such a system 
works. Where ferrocene derivatives have been used as mediators – the measurements 
were done under rigorously controlled anaerobic conditions in which the ferrocene was at 
relatively high concentration within the analysis solution. [80]. These requirements can 
be attributed to competition between the mediator and oxygen to act as the electron 
acceptor and it would appear that the latter is more efficient than the ferrocene. Repeating 
the measurement under anaerobic conditions did not yield any improvement in the 
response towards the phosphate. It was decided that the mediator should be added to the 
solution and the previous experiments repeated under anaerobic conditions. In this case 
the filter paper was only loaded with the enzyme and no mediator was added to it. Given 
the difficulties associated with the design prototyping and the expense associated with 
ferrocenyl methanol, Ferrocene was used instead for the optimization of the conditions.  
After a number of attempts it was found that the introduction of the mediator 
directly into the analysis solution improved, the sensor response such that a signal could 
be obtained to additions of phosphate. Cyclic voltammograms detailing the response of 
the entrapped pyruvate oxidase towards phosphate in the presence of the ferrocene 
mediator (0.5mM) are shown in Figure 9-9. 
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Figure 9-9: Cyclic voltammogram detailing the response of the enzyme 
biosensor in a solution containing 0.5mM of ferrocene under anaerobic 
conditions .Scan rate 50mV/ s 
 
 
 
The sensor can be seen to increase linearly to increasing additions of phosphate but  
the sensitivity is very low and the concentrations of phosphate used for the investigation 
are unlikely to be found in environmental contexts. It was obvious that the introduction of 
the mediator into the solution rather than having it drop cast into the filter positively 
affected the response of the sensor. It was unclear if the drop casting of the mediator 
somehow damaged the enzyme such that it would not respond to the phosphate. It was 
found in the case of the xanthine oxidase (chapter 8) that the introduction of the mediator 
on top of the enzyme had a protective influence on enzyme activity given that completing 
the fabrication involved coating the external surfaces of the filter with a polycarbonate-
carbon mesh that had been dissolved in dichloromethane. In this case however there was 
a suspicion that the deposition of the mediator was the primary cause of the poor 
response. 
In order to assess this possibility – the filter sensor was loaded with enzyme and 
mediator but the latter was additionally added to the test solution. Cyclic voltammograms 
detailing the response of the resulting sensor to phosphate are shown in Figure 9.10 
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 Figure 9-10: Cyclic voltammograms obtained with the filter sensor, when 
ferrocene was present in both the solution and immobilized in the 
sensor.Scan rate 50mV/s 
 
 
The increment in the current with additions of phosphate was higher than when the 
mediator was only present in the solution, marginally improving the sensitivity of the 
sensor however the response was slightly erratic and not quite as linear as that previously 
found when the mediator was only present in solution. It would appear that the deposition 
of the mediator through drop casting from methanol and its subsequent evaporation did 
not lead to the degradation of the enzyme itself.  
The process was repeated but using the ferrocenyl methanol, which was originally 
the mediator of choice. This was incorporated within the filter. Once the biosensor was 
constructed, cyclic voltammetry was used to assess the response in the absence of any co-
factors, phosphate or solution based mediator. These are shown in Figure 9-11 and an 
increase in the current of both anodic and cathodic peak with the increase of the scan 
number was observed. This was attributed to the desorption of the mediator from the 
electrode or from the filter framework into the solution / filter voids.  
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 Figure 9-11: Successive cyclic voltammograms of the filter 
biosensor in 0.1M Citrate buffer pH=6. Scan rate 0.1V /s  
 
The contrast in behaviour between the xanthine oxidase system and the pyruvate 
enzyme is marked but there could be a number of possibilities for the poor response of 
the latter. It has already been established and supported in the literature that the enzyme 
will preferentially interact with oxygen rather than the artificial electron acceptor. The 
measurements in the present investigation were obtained by placing the filter sensor into 
a solution containing electrolyte. This solution can be rigorously degassed but there is an 
inherent flaw. The introduction of the degassed solution into the filter network requires 
the displacement of air. Given that oxygen will be prominent in the encapsulated air 
contained within the voids, it means there is liable to be a residual supply throughout the 
analytical process which apparently is able to out compete the adsorbed mediator. This is 
made worse by the slow release of the adsorbed mediator into solution (Figure 9-11) and 
hence the concentration of the latter is never likely to reach the levels required compete 
with the oxygen and thereby produce a sensitive response. 
It could be envisaged that this problem could be countered by continued/prolonged 
degassing but this would make the analysis time incredibly long in order to ensure 
complete removal of the trapped oxygen. This can be alleviated to some extent by 
swamping the system with a large amount of mediator (Figures 9-9 and 9-10) whereby 
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the increased concentration can then out run the remnants of dissolved oxygen that 
remain. Such an approach is contrary to the overall aim of providing a reagentless sensor. 
The superior performance of the xanthine oxidase system can be attributed to the faster 
kinetics associated with the artificial mediator than the natural acceptor such that even in 
the presence of small concentration of mediator and under ambient oxygen levels – a 
mediated response is still achievable.  It would appear that there are three possible 
solutions to the problem of developing the filter based phosphate sensor: 
 
• utilise the natural oxygen acceptor and optimise the polycarbonate-carbon 
electrode to detect either oxygen or peroxide; 
• select another mediator with superior electron transfer kinetics than the 
ferrocene derivatives assessed or 
• change the enzyme. 
 
As regards the latter, nucleoside phosphorylase in combination with xanthine 
oxidase (Figure 9-7) may be a more viable replacement that would be worthy of 
consideration given the proven performance of the xanthine enzyme investigated in 
Chapter 8. The only disadvantage is the additional complexity and expense associated 
with a two enzyme cascade. The competition from oxygen is the most severe test in this 
case as the deployment of the sensor within a field setting is unlikely to enable the 
degassing of the solution and sensor prior to analysis. One worthy point is that the filter 
design is generic and easily adaptable such that replacing either mediator or enzyme is 
relatively simple. Moreover – changing the composition to include catalytic particles 
which could enhance the response to either oxygen or peroxide could also be achieved 
with ease as shown in Chapter 6 with the inclusion of ferrocene within the polymer 
matrix. These factors are however beyond the scope of the present investigation but could 
certainly form the basis of follow-up studies. 
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9.8. Conclusions 
The determination of inorganic phosphate is especially important in the 
environmental field as well as from a medical point of view. The contamination of water 
due to the eutrophication caused by high levels of phosphate is well known. This 
increment in aquatic phosphate content can cause an excess in the intake in food products 
and illustrates the need for sensing strategies that can work in a variety of different 
matrices. While many different methods have been reported for the determination of 
phosphate all have limitations. These were identified and an alternative strategy proposed 
that would build upon the composite technologies developed thus far. It was anticipated 
that the translation of pyruvate oxidase to the filter mesh sensor could be easily achieved 
despite the slightly more elaborate requirement for co-factors. The replacement of one 
enzyme for another is possible but it is obvious that the process must take into account 
the individual nature of the enzymes being integrated.  
Pyruvate oxidase appears simple but its preference for oxygen ran counter to the 
detection strategy being pursued. While this could be overcome, the resulting protocol 
would not offer any advantages over current procedures. The investigation was not 
however a failure as it was still possible to prove that enzyme entrapment within the filter 
is still a very viable process and that process appears to be independent of the enzyme. 
The ability to manipulate the composition of the polymer-carbon mesh with a catalytic 
species sensitive to oxygen reduction or peroxide oxidation is likely to be the way 
forward for the sensor development. The work provided here has identified the 
limitations but has also shown how they could be overcome. Optimisation of the 
detection strategy and electrode response is the issue that needs to be addressed. 
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10.1. Conclusions and Future Work 
Electrochemical techniques are a versatile analytical tool which are in constant 
development. The expansive breadth of electroanalytical science is provided mainly by 
three factors. Two are integral to the electrode itself and encompass the possibility of the 
electrode modification and the diversity of detection methodologies that can be applied. 
The third component revolves around the modification of the analyte prior to its analysis. 
All three approaches have been investigated in this thesis and the versatility of 
electrochemistry as a viable analytical technique has been highlighted.  
Chapter 3, the start of the experimental work, demonstrated how the electrode 
parameters can be manipulated and the surface modified to enhance the determination of 
nitrate. This is a very pertinent example as it is generally unreactive but can, through the 
application of an innovative detection sequence and or the addition of catalytic copper,  
be “encouraged” to produce a quantifiable signal. This work resulted in two electrode 
systems being investigated. The first design can be applied for field systems and the 
second can be coupled in a flow system for laboratory analysis.  
Chapter 4 deals with a similar problem to that found in Chapter 3 with an 
electrochemically “difficult” target. However, in this case the target was modified prior to 
electrochemical analysis to improve its visibility to the electrode. Quinones were used as 
a label because they offer the possibility to incorporate an electroactive as well as a 
chromophore centre, which can be used for the detection of the analyte using both 
spectrometric and electrochemical methods. The approach was applied to the 
determination of sulphur derivatives in river samples. These two chapters epitomise 
conventional approaches to the detection of analytes – whether unreactive or those 
present within a complex matrix. The usual solution is to modify either the electrode 
surface or the target. These procedures can vary tremendously in terms of complexity and 
thus their adoption and real world applicability is often limited. It was clear that a more 
accessible means of electrode modification was required and this was the direction taken 
for the remainder of the thesis. 
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A new direction was established by investigating the construction of a polymer-
carbon composite electrode that could be used as the basis of sensing strategy that could 
not only prove to be easily accessible but which would be sufficiently flexible for use 
over a range of differing analytical contexts. Chapter 5 examined the development of the 
basic composite and its modification through the use of a simple laser treatment, which 
enhanced the performance of the sensor by fracturing the surface - increasing the 
electrode area and generating active groups such as quinoid and hydroxyl groups. The 
resulting films were applied to the detection and quantification of 5-hydroxyindoleacetic 
acid, an important neurotransmitter that could ultimately find application as means of 
assessing suicide risk. In order to validate the performance of the sensor the latter was 
coupled with an HPLC and the results obtained with the electrochemical sensor were 
found to be superior to the spectrometric detector confirming the analytical viability of 
the proposed route.  
The strategy was progressively developed and tested. Chapter 6 took the basic 
composite recipe and sought to explore the incorporation of a catalytic material through 
simple mixing. Ferrocene is an electroreversible compound that has been widely used in 
electrochemical methods and used in a large variety of electroanalytical applications. In 
the present work, the encapsulated ferrocene was used to catalyse the oxidation of 
ascorbic acid. The resulting sensor was found to allow the determination of the target in 
the presence of uric acid and was subsequently tested in a variety of real samples - 
pharmaceutical preparations, infusions, soft drinks but also in more complex systems 
such as saliva. Again the sensor was integrated in a flow system and highlights its 
adaptability for incorporation with conventional probe systems, disposable strips or 
continuous monitoring or analysis. Further modifications were then introduced where a 
biocatalyst was used in the sensing scheme. Biosensors are a simple and fast alternative 
to more complex and tedious methods such as chromatographic or colorimetric methods 
that were briefly investigated in Chapter 4. The selectivity is achieved by the high affinity 
of the enzyme for the analyte. One of the crucial steps in the development of biosensors 
is the immobilization of the enzyme. The novelty of the approach taken here lies in the 
incorporation of the enzyme within an entirely new sensing platform. The enzyme was 
not so much immobilized but rather entrapped within a polymeric filter matrix. This 
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creates a scaffold within which the enzyme and associated cofactors/mediators can reside 
in a fluid filled pore network which mimics that of their natural environment and thereby 
should result in minimal activity loss. A number of enzymes of increasingly complexity 
were investigated – glucose, xanthine and pyruvate oxidases.  These were encapsulated in 
the polymer-carbon composite developed in the previous chapters which served to retain 
the enzyme but also provided a conductive conduit through which to extract the 
analytical signal. These sensors required some innovative approaches to be developed for 
their  fabrication – involving selective laser treatment of the base filter to yield melt 
zones that would corral the enzymes. The Durapore filter paper shown to be an excellent 
platform with the enzyme maintaining an activity close to its native function. Moreover, 
no chemicals were required for the immobilisation processes and thus the possibility of 
degrading the enzyme avoided. 
Chapter 9 examined the translation of the strategy to pyruvate oxidase. This proved 
to be a much more complicated species than first envisaged. As an oxidase it was 
expected that it would behave in an analogous manner to the earlier investigation 
involving glucose and xanthine oxidases. However the enzyme appeared to be reluctant 
to respond to the phosphate substrate. There were a number of variables that could affect 
the response of the sensor such as the optimal ratio of cofactors, the temperature and the 
pH, oxygen and possible denaturing of the enzyme by the actual fabrication process. The 
enzyme was subsequently found to be active but acquiring a quantifiable and meaningful 
signal was the limiting factor. While a workable phosphate sensor was not achieved – it 
was proven that the sensor filter platform was indeed a generic and viable option for 
enzyme entrapment irrespective of the nature of the protein or cofactor. The subsequent 
detection of the enzymatic reaction however is something that would need to be 
considered in future work.  
The electrode modifications investigated have been used in a wide range of 
applications, from agri-food to environmental to medical and different designs have been 
developed to incorporate some of these sensors within flow injection systems.  The 
simplicity of these modifications and the capability for mass production is a characteristic 
of most of the approaches presented here. Portability is an essential property required in 
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field analysis and it is clear that some of the sensors presented have already demonstrated  
potential (Chapter 3 and 5) for further development and optimisation.  
The present work illustrates the utility of different modifications but they present 
only a small taste of what could be developed. Further study remains to be performed to 
evolve the basic designs outlined here to a truly portable sensing system. It would for 
example be interesting, not to mention clinically valuable, to test the performance of the 
laser treated sensor with other biological samples such as cerebral spinal fluid to 
understand the role of 5-hydroxindoleacetic acid in suicide ideation. The use of the sensor 
for monitoring animal welfare is also of considerable interest. Chapters 4, 6 and 8 all 
investigate different aspects of oxidative stress – whether as a general indicator or more 
specific in the case of xanthine. They were examined in isolation but their integration into 
a multiparametric sensor could provide a more robust clinical picture of wellbeing – be it 
a human or animal patient. As a future project the design of a sandwich electrode 
containing different enzymes could easily be designed as shown in Figure 10-1 
 
Figure 10-1: Design of the sandwich sensor.  
 
The main advantage of the sensor is the ease with which different enzyme layers can be 
incorporated into the device simply by building one layer on top of the other to create the  
multi-parameter sensor. The composite approach advocated here would easily facilitate 
such a structure. The project has laid the foundations of a new approach, answered many 
questions relating to sensor construction but, more importantly, it has provided results 
that ask many more questions that will help to evolve the design process and indicated 
the avenues that could be explored.  
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